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Preface

In 1975, the Forest Products Laboratory initiated a
research program to develop new technology in the
area of biological resistance of wood. The justification
for this research was the need for a less toxic or
nontoxic method of protecting wood in adverse
environments. In earlier research in the Laboratory it
had been found that chemically modified wood was
very resistant to attack by biological systems, but the
mechanism of effectiveness was not known. New
instrumentation technology and interest in this area
prompted a new look at chemical modification of wood.

As the research progressed, interest developed from
other researchers around the world and a cooperative
research program was initiated. During the 8 years this
study was active, eight universities, four companies,
and six institutes had input into the project. The
names of these cooperators are listed in Appendix A.
Numerous other companies tested the technology with
possible application to their product line.

Much of the data from this research program have been
published in scientific journals (see Appendix B)
however, some data were not. The total technology
developed during this project is presented in this
document.

It is hoped that the new advances in the chemical
modification of wood presented here will lead to the

development of treatments of wood for both improved
biological resistance and dimensional stability.
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Chemically modifying the cell wall polymers couid
result in greatly enchanced properties of the composite
i.e.. wood. The purpose of this research has been to
investigate the reactivity of celi wall polymers, changes
in the basic chemistry of these polymers, and
improvements in wood properties through chemical
modification.

A review of the history of chemical modification shows
that the bulk of the research conducted was aimed at
improving either biological resistance or dimensional
stability. Chemical modification of wood for biological
resistance is based on the theory that the enzymes
(cellulases) must directly contact the substrate (wood
cellulose), and the substrate must have a specific
configuration. f the cellulosic substrate is chemically
changed. this highly selective reaction cannot take
place. Chemical modification can aiso change the
hydrophilic nature of wood. In some cases water, a
necessity for decay organisms, is excluded from
biological sites. The chemicals used for modification
need not be toxic to the organism because their action
renders the substrate unrecognizable as a food source
to support microbial growth. In other words, the
organisms starve in the presence of plenty.

By far the greatest amcunt of research for dimensional
stability of wood has been carried out in the area of
cell wall treatments. It has been shown that the
increase in wood volume upon treatment is directly
proportional to the theoretical volume of chemical
added. The voiume of wood increases with increasing
chemical added to about 25 weight percent gain (WPG)
at which point the treated volume is approximately
equal to green volume. When this bulked wood comes
Into contact with water, very little additional swelling
can take place. This is the mechanism for the
effectiveness of dimensional stability bulking
treatments.

Background

Wood is a three-dimensional biopolymer composite
made up primarily of celtulose, hemicellulose, and
lignin (fig. 1). These polymers make up the cell wall and
are responsible for most of the physical and chemical
properties exhibited by wood. Wood is a preferred
building/engineering material because it is economical,
low in processing energy, renewable, strong, and
aesthetically pleasing. It has, however, several
disadvantageous properties such as biodegradability,
flammability, changing dimensions with varying
moisture contents, and degradability by ultraviolet
light, acids, and bases. These properties of wood are
all the result of chemical reactions involving
degradative environmental agents. Wood, for example,
is biologically degraded because organisms recognize
the polysaccharide polymers in the cell wall and have
very specific enzyme systems capable of hydrolyzing
these polymers into digestible units. Because high
molecular weight cellulose is primarily responsible for
strength in wood, strength is lost as this polymer
undergoes biological degradation through oxidation,
hydrolysis, and dehydration reactions. The same types
of reactions take place in the presence of acids and
bases.

Wood changes dimensions with changing moisture
content because the cell wall polymers contain
hydroxyl and other oxygen-containing groups that
attract moisture through hydrogen bonding. This
moisture swells the cell wall, and the wood expands
until the cell wall is saturated with water. Water,
beyond this point, is free water in the void structure
and does not contribute to further expansion. This
process is reversible, and shrinkage occurs as moisture
is lost.
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Figure 1. —Chemical composition of the cell wall of scotch
pine. (M148913)

Wood burns because the cell wall polymers undergo
hydrolytic. oxidation. dehydration. and pyrolytic
reactions with increasing temperature, giving off
volatile. flammable gases. The lignin component
contributes more than do other polymers to char
formation. which helps insulate wood from further
thermal degradatior

Wood exposed outdoors undergoes photochemical
degradution due to ultravioiet light, primarily in the
lignin component. which gives rise to characteristic
color changes. Because the lignin acts as an adhesive
in wood. holding cellulose fibers together, the wood
surface becomes richer in cellulose content as the
lignin degrades. Cellulose is much less susceptible to
ultraviolet degradation and is washed off the surface
during a rain exposing new lignin to continue the
degradative reactions. This weathering process can
account for a significant loss of surface fibers in time.

Because all of these degradative effects are chemical
in nature, it should be possible to eliminate or decrease
the rate of degradation by changing the basic
chemistry of the cell wall polymers. By chemically
modifying the celiulose component, for example, the
highly specific bioiogical enzymatic reactions cannot
take place because the chemical configuration and
molecular conformation of the substrate has been
altered. Bulking the cell wall with bonding chemicals
would reduce the tendency of wood to swell with
changes in moisture because the wood would aiready
be in a partially, if not completely, swolien state.
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Penetration

In whole wood. accessibility of the treating reagent to
the reactive chemical sites is a major consideration.
To increase accessibility to the reaction site, the
chemical must penetrate the wood structure.
Penetration can be achieved through swelling of the
wood structure. If a reagent potentially capable of
modifying wood does not swell wood substance, then
perhaps a suitable catalyst would. |f both reagent and
catalyst were unable to swell the wood, a workable
cosolvent could be added to the reaction system.

Reactants

Cellulose, the hemiceliuloses, and lignin are distributed
throughout the wood cell wall. These three polymers
make up the solid phase of wood and the hydroxyl
groups they contain are the most abundant reactive
chemical sites. The void structure or lumens in wood
can be viewed as a bulk storage reservoir for potential
chemical reactants, used to modify the cell wall
polymers. For example, the void volume of southern
pine springwood with a density of 0.33 gicm® is

0.77 c¢cm? voids/cm?® wood or 2.3 cm¥/g. For
summerwood with a density of 0.70 g/cm?, the void
volume is 0.52 cm¥cm?® or 0.74 cm?®g. The cell wall can
also swell and act as a chemical storage reservoir. For
southern pine the cell wall storage volume from
ovendry to water swollen is 0.77 cm®cm?®. These data
show that there is more than enough volume in the
voids in wood to house sufficient chemical for reaction
to take place with the cell wall polymers.

Potential reactants must contain functional groups that
will react with hydroxyl groups of the wood
components. This may seem obvious, but there are
many literature reports of chemicals that failed to react
with wood components when, in fact, they did not
contain functional groups that could react.

The chemical bond desired between the reagent and
the wood component is of major consideration. For
permanence, this bond should have great stability to
withstand environmental stresses. In such cases, the
ether lineage may be the most desirable covalent
carbon-oxygen bond. These are more stable than the
glycosidic bonds between sugar units in the wood
polysaccharides so the carbohydrate polymers would
degrade before the bonded ether did. Less stable
bonds can also be formed that could be useful for the
release of a bonded chemical under environmental
stresses. Acetals and esters are less stable than ether
bonds and could be used to bond biological agents or
fire retardants onto wood to be released under certain
conditions.
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It 1s important that 100 percent of the reagent skeleton
bond to the wood with no byproduct generation. If a
byproduct were formed during the reaction, a recovery
system might have to be considered for economic
reasons.

A gas reactant creates problems in handling as high
pressure equipment is required. The leve! of chemical
substitution is usually lower than liquid systems. and
penetration of gaseous reagents can be very difficult.
The best success. to date, of chemical systems is with
low boiling tiquids that easiiy swell wood. If the boiling
w0Int is too high. 1t is difficult to remove excess
reagent after treatment. It is generally true that the
lowest member of a homologous series is the most
react've and will have the lowest boiling point.

Some chemicals react with a single hydroxyl group,
and the reaction is complete. Such is the case, for
example., with methylation using methyl iodide. Other
chemicals, in the course of reacting, form a new
hydroxyl group which reacts further. Epoxides react in
this way. In other words. single-site substitution
nccurs in cases like methylation white pofymer
formation from a single graft point occurs in cases like
epoxidation. This will be discussed in detail later.

From the standpoint of industrial application of
reagents for wood. toxicity. corrosivity, and cost are
important factors for chemical selection. The reacted
chemucals shr ild not be toxic or carcinogenic in the
finished product. and the reactant itseif should be as
nontoxic as possible in the treating stage. This is
somewhat difficult to achieve since chemicals that
react easily to wood hydroxyl groups will also easily
react with blood and tissue hydroxyl-containing
polymers. The reactants should be as noncorrosive as
possible to eliminate the need for special treating
equipment. In the laboratory experimental stage, high
cost of chemicals is not a major consideration. For
commerciahization of a process for the chemical
modification of wood. chemical cost is important.

Reaction Conditions

There are certain experimental conditions that must be
considered before a reaction system is selected. The
temperature required for complete reaction must be low
enough that it causes little or no wood degradation yet
the rate of reaction is relatively fast. A safe upper limit
is about 120° C sirce little degradation occurs at this
temperature for a short period of time.

DR S S AR DI PR AT B S P grul S o A sons vk

It is impractical to dry wood to less than 1 percent
moisture, but the water content of the wood during
reaction is, in most cases. critical. The hydroxyl in
water is more reactive than the hydroxyl groups
available in wood components. i.e.. hydrolysis is faster
than substitution. The most favorable condition is a
reaction system in which the rate of reagent hydrolysis
is relatively slow.

It is also important to keep the reaction system simple.
Multicomponent systems that require complex
separation after reaction for chemical recovery shoutd
be avoided. The optimum would be for the reacting
chemical to swell the wood structure and act as the
solvent as weil.

Almost all chemical reactions require a catalyst. With
wood as the reacting substrate, strong acid catalysts
cannot be used as they cause extensive degradation.
The most favorable catalyst from the standpoint of
wood degradation is a weakly alkaline one, which is
also favored as in many cases these chemicals swell
the wood structure and give better penetration (see
table 2). The catalyst used should be effective at tow
reaction temperatures, easily removed after reaction,
nontoxic. and noncorrosive. In most cases, the organic
tertiary amines are best suited.

The reaction conditions must be mild enough that the
reacted wood still possesses the desirable properties
of wood; the strength must remain high, little or no
color change (unless a color change is desirable), good
electrical insulation. not dangerous to handle. gluable,
and paintable.

In summary, the chemicals to be used for chemical
modification of wood must be capable of reacting with
wood hydroxyls under neutral or mildly alkaline
conditions at temperatures below 120° C. The
chemical system should be simple and capabie of
swelling the wood structure to facilitate penetration.

The complete molecule must react quickly with wood
components yielding stable chemical bonds, and the
treated wood must still possess the desirable
properties of untreated wood.
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Reactions with Wood

Several chemical systems have been explored for
chemicat modification of wood. One reaction system
that meets the requirements set forth earlier is the
base-catalyzed reaction of alkylene oxides with
hydroxyl groups.

(@]
o\ . OH ™ ,
R-CH—-CH, + HOR'=—R-CH-CH,-O-R
Cat.

OH

The reaction is fast, complete. generates no
byproducts. forms stabte ether bonds. and can be
catalyzed by a volatile organic amine. After the initial
reaction, a new hydroxyl group originating from the
epoxide i1s formed. From this new hydroxyl. a polymer
begins to form. Due to the ionic nature of the reaction
and the availability of hydroxyl ions in the wood
components, the chain length is probably short due to
chain transfer.

The reaction between polysaccharides and alkylene
oxides has been known for many years and has often
been cited in the literature. The application of this
reaction to wood research, however. is somewhat
limited.

McMillin (1963) treated hard maple blocks with ethylene
oxide catalyzed with trimethylamine in the vapor phase.
At 20 percent ovendry weight add-on of ethylene oxide,
there was a 60 percent reduction in the water swelling
of the treated wood. Using static bending tests,
McMillin observed no change in the strength of the
treated wood. In a French patent (Aktiebolag 1965),
with the same gaseous mixture, treatment of moist
wood (14.6 pct H,0) to 24 percent ovendry weight add-
on 1s described. The treated wood showed reduced
swelling in water. Barnes. Choong. and Mcllhenny
(1969) found that oscillating pressure during treatment
rather than maintaining constant pressure gave better
results. At weight add-ons of 11 to 12 percent, they
found a 42 percent antiswelling efficiency.

Liu and McMillin (1965) patented a process for treating
wood with both gaseous ethylene oxide and propylene
oxide. Using a vapor phase system with either
tnmethylamine or triethylamine as catalyst. they
treated Douglas fir, hard mapie, and persimmon and
obtained high levels of dimensional stability. Pihl and
Olsson (1968) treated pine and birch with
epichlorohydrin and dichliorohydrin with a
polyfunctional amine as catalyst and also found greatly
reduced swelling due to moisture changes in the
modified wood.

The use of ethyiene oxide gives a polyethylene oxide
polymer in the wood cell wall (Grinbergo 1974, Meyer
and Loos 1969; Nikitin and Rudneva 1935; Schuerch
1968; Zimakov and Pokrovskil 1954). Ethylene oxide in
trimethylamine is a gaseous reaction, because the
compounds have boiling points of 10.7° C and 2.9° C,
respectively. This system requires special equipment
to handle the liquefied gases. Polyethylene oxide
polymers have the disadvantage of being very water
soluble especially at low molecular weight (Brandrup
1965).

Polymers from higher members of the 1,2-epoxide
homologous series are more hydrophobic than those of
ethylene oxide and are much less soluble in water. The
monomers are liquids at room temperature which would
eliminate the requirement for special gas-handling
equipment.
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Experimental Design, Results,
and Discussion

Reaction Conditions

Propylene oxide (PO) with a triethylamine, (TEA)
catalyst was used to modify a known treatable wood
species to determine the optimum conditions for
treating wood. Southern pine (SP) sapwood blocks,

2 by 2 by 15 cm (all dimensions shown in this report are
listed in the order radial by tangential by longitudinal),
were prepared from freshiy cut green logs. All samples
were ovendried /OD) at 105° C for 16 hours (hr).

The dry SP blocks were reacted in a stainless steel
reactor at 150 Ib/in.? nitrogen pressure. The effects of
time. temperature, and ratio of epoxide to catalyst on
WPG to wood were observed.

The volumetric swelling coetficients for several
epoxides. catalysts and solvents, were determined after
two different treating conditions: (1) heating an SP
block. 2 by 2 by 0.6 ¢cm, with each solution for 1 hr at
120° C. 150 ib/in.?2 nitrogen pressure, or (2) soaking an
SP block, 2 by 2 by 0.6 cm, in each solution for 24 hr at
25° C.

The biock volume was determined by measuring
dimensions with a fiat bed micrometer before each
treatment. and after heating or soaking with the
solutions. From these measurements the volumetric
swelling coefticients were determined.

Ovendried SP blocks were treated with either PO,
butylene oxide (BO). or epichlorohydrin (EPI} with TEA
(95:5/ viv) as catalyst at 120° C, 150 Ib/in.? for varying
lengths of time. Volume of the specimens was
determined green before drying, after drying, and after
treatment with the epoxide-catalyst mixture to
determine the change in wood volume as a result of
treatment.

Experiments varying temperature (table 1), reaction
time (table 2), and catalyst concentration (table 3 and
fig. 2) showed that 120°C, 150 Ib/in.? with an
epoxide/catatyst ratio of 95:5 (viv) for 30 to 60 minutes
(min) were the optimum reaction conditions for the
POITEA system. A reaction time of 2 to 4 hr under the
same conditions was optimum for BO.

The swelling coefficient for each separate reagent.
catalyst, and potential solvent was determined by
soaking wood specimens at 120° C under pressure and
at 25° C (tables 4-6). Most of the amine catalysts
tested swell wood. Triethylamine was selected as the
preferred catalyst (even though it does not swell wood)
because of its low boiling point for ease ot removal
after reaction. Many of the soivents tested swell wood
very well. if needed in a reaction system. however,
many of these would react with the epoxide and could
never be used Propylene oxide swells wood about

50 percent as much as water and BO somewhat less.
This ability to swell wood allows the epoxides to react
without the need for a cosolvent.

Table 1.—Effect of temperature on propylene oxide
(PO)-triethylamine (TEA) treatments of southern pine
{150 Iblin.?) 95:5, viv, POI/TEA

Weight
Temperature Time percent gain
°C Hr
120 3 50.9
100 3 455
80 3 6.3
120 1 325
110 1 280
100 ! 15.0

Table 2.—Effect of time on propylene oxide (PO)-triethylamine
(TEA) treatment of southern pine. 120° C, 150 Ib/in.?, 955, viv,
POITEA

Waeight

Time percent gain

Hr

0.25 98
5 266
325
39.4
509
50.8
61.8

DDA —

Table 3.—Eftect of propylene oxide/triethylamine (PO/TEA)
ratio on treatment. 120° C, 3 hours, 150 Ib/in.?

TEA Weight

PO . ,,T,Ef o POITEA percent gain
-~ = Pct - - -

20 80 14 20.4

50 50 n 445

80 20 4/1 529

90 10 91 54.8

95 5 95/5 50.9

97 3 97/3 400

99 1 9o 36.6

€0 - i .

TN

50 ~— .‘\ .
S o L
- 40 ,/ \,
2. - +
s 20, s

10, L7

e
OL{/ 1

100 TEA 1080 2080 3070 400 SO/S0 6040 7030 BO20 90110 100 PO

Figure 2 — tffect of propylene oxide/triethylamine ratio on
treatment of southern pine, 120° C. 150 1b4n’. 3 hr (M151128)
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Table 4. —Volumetric swelling coefficients (S) for southern
pine sapwood in various reagents

Reagent
wWater
Eronierenydnin
Proon ene oxide
Glyene ox e

Styrens ox.ge

s’

120° C. 150 iblin., 1 hr

10.0
6.9
5.2
41

24

s

25° C, soaking
10.0

59
50
7

Value far water set at 10 other values relative to this value.

Table 5.—Volumetric swelling coefficients (S) for southern
pine sapwood in various catalysts

Catalyst

n-Butytamine
Piper 3
Dimrth Hormarrade
Pyrovee

.

A

e
Wedter

Dotr, aming

RIA .ajr\“,mrmgr:;.
Normatn upendine
NN meteylaniong

Te

etnagmine

S S'
120° C, 150 Ib/in.*, 1 hr  25° C, soaking

185 15.2
133 0.0
12.8 125
1.3 13.1
11.0 5
10.0 100
50 1.0
2.6 8
22 1.6

3 5
-1 2.1

varue for water set at 10. other values relative to this

value

Table 6.—Volumetric swelling coefficients (S) for southern
pine sapwood in various soivents

Solvent

Dimethyisulfoxide
Dimethy formamide
Cenosolve

Methy! cellosoive
Water

Methanc.

1.4 Diwoxane
Te'rahydrofuran
Acetone
Dichloromethane
Methyl ethyl ketone
Ethyt acetate
Cyciohexanone
4-Methyi-2 pentanone
Xyienes
Cyclohexane
Hexanes

Vaiue for water set at 10

S’

120° C. 150 Ibl/in.?, 1 hr

133
128
106
103
00

sv

25° C, soaking

1.7
125
102
100
100

93

Lther valges reldative to this value.
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Under the conditions used here. very littie color change
takes place on treatment. Southern pine treated with
only PO shows no color change: treated with TEA,
alone, the wood turns to a dark straw color. The
combination of PO and TEA aives colors from light to
dark yeilow. The greatest factor in the darkening of
southern pine is 1n the vacuum heat treatment after
reaction. The amine degrades with heat to cause the
wood to darken. Wood reacted with EPVTEA takes on a
light-orange color.

Table 7 shows the changes in volume of OD SP after
epoxide treatment. At a WPG of approximately 20, the
voelume of the treated wood was equal to the green
volume. Above about 30 WPG. the volume of treated
wood was larger than that of the green wood.

To determine the permanence of the chemical
treatment, treated specimens were ground to pass a

40 mesh screen and extracted with refluxing distilled
water and separate samples with refluxing benzene in a
Soxhlet extractor. The OD weight of the ground sample
was determined before extraction, after 1 day of
extraction, and at the end of 7 days (table 8). Most of
the weight loss in modified wood is probably due to
unreacted epoxide that was not removed after reaction
in the vacuum recovery step. It is interesting to note
the extent of weight loss in the control upon extended
water extraction at reflux. After 8 days of Soxhlet
extraction, 24 6 percent weight loss was observed. This
may be due to siow hydrolysis of sugars in the wood.
Both the unmodified and modified wood show about
tne same weight loss in 24 hr of water extraction;
however, in the next 7 days the control lost 13.4
additional percent while the modified lost only

2.1 percent.

To determine the reproducibility of the chemical
treatments, SP specimens were treated separately with
PO/TEA, BO/TEA, and PO-EPIITEA. Eight separate runs
of 24 specimens each were done with 1,900 milliliters
(ml) of PO, 100 mi of TEA, at 120°C, 150 Ibfin.? for

37 min. Four separate runs of 24 specimens each were
done with 1,900 mi of BO, 100 mI TEA at 120° C.

150 tb/in.2 for 4 hr. Three separate runs of 24
specimens each were done with 1,425 m| PO,

475 mi EPI, 100 m| TEA at 120° C. 150 Ib/in.? for 37 min.

After each of these runs, chemical was drained from
the cylinder, and a vacuum applied for 1 hr while the
treating cylinder was cooling. All spectmens were
weighed following vacuum treatment. For each set of
samples the mean WPG was determined and standard
deviations (SD) calculated. Tabie 9 shows that the
mean for all 8 runs of 24 specimens each for PO was
27.2 with an SD of 2.86. Standard deviations from 1.25
to 5.45 were observed indicating some variation in the
treatment. Much less variation was observed in the BO
runs. Four runs of 24 specimens each for BO showed a
mean of 25.2 with an SD of 1.64
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Method of Drying

The rate of water removal by vapor drying with various
benzene-type solvents was measured to determine the
effects ovendrying or a solvent drying system (Hudson
1950) had on reactivity. A modified Barrett-type
moisture test receiver was used as a vapor-drying
chamber.

The content of wood extractives was determined by two
different solvent-extraction procedures. Southern pine
specimens. xylene-dried or ovendried, were ground to
pass a 40-mesh screen. Each specimen was extracted
separately in a Soxhlet extractor with the foliowing:

(1) benzenelethanol, 2:1, volume per volume (v/v) for

4 hr, or (2) ether for 4 hr.

To determine the effect of type of drying on the
chemical reactivity of wood, 100 SP specimens were
either OD or vapor-dried, then reacted with PO in TEA
(95:5, viv) at 120° C, 150 Ib/in . After ovendrying both
sets of treated specimens. the WPG was determined.
Fifty separate specimens of SP were prepared as
descriped except they were reacted with BO/TEA
195:5. viv) for 4 hr at 120° C. 150 Ib/in.*.

Table 8.—Soxhlet extraction of southern pine (40 mesh)

Percent lost after
extraction for

Specimen
1 day 7 days' Total
—————— Pct —————
BENZENE

Control 47 0.15 49

Propylene oxide.
38 weight percent gain 10.8 76 11.6

WATER

Control 11.2 13.4 24 6

Propylene oxide,
38 weight percent gain 125 2.1 146

‘Additional 0ss

Table 9.—Reproducibility of epoxide reactions with southern
pine

Weight
The resuits 'n figure 3 show that the rate of water percent Standard
removal In SP by vapor drying increases with Chemical Run’ gain deviation
increasing solvent boiling point up to about 150° C. At mean
this temperature, the rate 1s no longer a function of X
boing point but 1s controlled by the physical mitaton Propviene oxide ! 22.74 325
of water moving out of the wood structure. If the cost I 28.81 252
of the solvent and the rate of water remaval are the i 26 76 342
tactors considered. xylene is the most satisfactory of " g: 28 ?g?,
) v .
ne .
the solvents tried ol 26 74 133
, . Vit 2225 1.76
In the vapor-drying process. the aromatic solvent Vil 28 06 5 45
vapors pass over the wet wood and water vapor i1s Average 2717 286
cedistilted with the solvent vapor. The mixture 1s then
cooled and. at the lower temperature. the immiscible Butylene oxide i 26.76 2.22
hquids separate. The water is drained off. and the Il 26 64 1.38
aromatic soivent can then be recycled. 1 22.80 1.64
; \% 2463 1.30
: Table 7.—Changes in volume of southern pine after treatment Average 2521 164
with alkylene oxides Propylene oxide-
Ovendry Ovendry Weight epichlorohydrin :I ;(6) :7); ?gé
Compound Green volume volume percent m 21 44 308
[ volume before after  gain
'. = M — Average 19 60 236
_ Propoyene xde 57 03 53.09 56.04 15.9 ‘24 specimens per run
. Bryene oate 59 00 5309 59.00 211
f Breifny e e g0 5998 56 04 59.98 26.1
o e I [ 5900 54 08 59.98 341
: Epoom e 5900 55 06 60.96 410
o
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80
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y / Benzene. 80 C
1 Toluene. 111°C
50 .47 ‘ Xylene. 144°C

, Cumene, 152°C
P ; Mesitylene 165°C
Ovendried, 105°C

Water Removed (Percent)

Table 10.—Extractives of southern pine after vapor drying or

ovendrying
Extractives’
Sample
Benzenel/ethanol’ Ether
—————— Wt loss pct———--—
Ovendrieq 519 4.25
vapur dried 407 2 47

Based v ovendry weight 1oss before ar® o extraction.

B seme ortgno 2 moxtygre, v v 4

40 / / Table 11 .~ Weight percent gain (WPG) of vapor-dried and
; f ; ovendried southein pine 1
v : ‘ .
30 ) Orying method’ 3
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2 Oven Vapor *
(WPG) (WPG) 1
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Dimensional Stability of Modified Wood

A Souble aater soak method was deveioped to
Jetermine yolumetnic swelling coetficient (S), and
antishark efficiency (ASEY. Southern pii > blocks.

2oy 2by 06 zm. poth treated and untreated. were
suoimerged in distilied water and evacuated in a
vacudm desiccator. Vacuum was continued for 30 min.
released for 1 hr. reapphed for 30 min. then released for
24 hro Fresh distilled water was then added and this
urocess repeated. After each 24 hr. wet volume of the
biock was determined. This was continued for 7 days.
Tre S and ASE were calculated. The samples were
then resnaked for 7 days. votume was determined. and
then thay were reovendried followed by a final volume
determination  Volumetric swelling coefficient is
calculated from.

Voo V.
S - (n
V.
where
V2 = wood volume after we:s ¢ with i - vat

V1 = wood vaolume of ove. . ad ~iple berore weuing,

and ASE s caiculated from

s, - S,
ASE = 7' (2)
S.

where
S2 = treated volumetric swelling coefficient
S1 = untreated volumetric swelling coefficient.

Both the ASE and S values are usually reported as
percent In that case. the ASE and S values from
equations (1 and (2) are multiphed by 100.

Southern pine blocks, 2 by 2 by 10 cm. were treated at
120" C. 150 ib'in“ nitrogen pressure with PO/TEA or
BO TEA (955 vvi By varying the reaction time,
specimens with WPGs of 4 to 45 were prepared for
dimensional stability determination.

N T Y W W T W W WU W W W Wy
- - A - . > FA

Table 12—Changes in volume of southern
and modification with propytene oxide

A B B-A C

Green Ovendry B8  After treatment
volume volume 'V ovendry volume

i Cm Pt [O/6]
570 531 69 560
240 531 00 59
600 560 " e 600
590 541 83 600
580 ESR 67 610

Table 13.—Volume changes in southern pine upon treatment

with epoxides

Weight percent Increase in wood volume
gain with treatment

cm:
EPICHLOROHYDRIN

14.9 4.26
227 5.41

BUTYLENE OXIDE
253 6.88

PROPYLENE OXIDE

265 705
28.8 6.39
32.4 7.70
343 836
362 8.85

‘Density 10t gmiforD = MV

AR e e Bed Rt At 2o ]

- «. N
LT
--®
pine upon drying )
Weight C—-8 C-A
percent '
gain B A o
-V A" ®
Pee Pt :
159 .53 17
RAN 00
2601 SR I 1
e
341 38«18 }
410 «97 -33
]
p
Calculated volume 9
of chemical 1
added’ 1
cm*
@
442 L :1
6.06 -
6.86 o
®
4
: 1
754 R
7.21
8.36 .
8.03 |
9.01 y
|
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Table 14.—Volumetric swelling coefticients (S) and antishrink efficiency (ASE) of moditied southern pine as determined by the )
water-soaking method
Weight Weidht Additional ]
Treatment percent S! ASE? S! ASE! g’ st ASE; S ASE?® weight 1
. 1 1 2 2 loss 3 3 4 4 ]
gain loss b
Pct Pct ®
Propylene oxide 0 15.8 - 15.8 — 06 159 — 159 — 23 )
292 6.0 62.0 90 43.8 4.0 78 509 79 503 17 . e
. * ° .‘
Butyere oxide 0 13.6 — 124 — 5 12.4 - 129 -~ 24 s
. " L
267 3.5 743 55 556 1.6 50 59.7 54 48 1 30 () )
20U 3o 135 57/ 540 16 52 581 56 566 26 ]
Vatumetric swelling coefficient determined from imitial ovendry volume and first waterswolien voiume. Equation (1).
“Antshrok etficiency based on S Equation (2).
1
Deternuned from first waterswolien volume and reovendrying. - ».~ 4
‘Based wn 8, 1
“Percert neght 'oss based on the difference between initial ovendry weight and ovendry weight after first water soaking.
‘Determired ‘rom recvendry vo'ume and second waterswolien volume.
Based o S
@
Datacs e tom second waterswolien volume and second reovendrying. o
Base:: S, -
Atntona st ioss based on ovendry weight. . ©
- . . . . o
Tabie 14 shows the results of a repeated water wetting All specimens used in these soaking tests were 0.6 cm T
test for determining dimensional stability. Propylene in the longitudinal direction, permitting easy access of ‘
oxide and BO specimens show an ASE of about 70 on the water into the interior of the specimens. This ]
the first wetting cycle. Because of a small loss of insured rapid swelling and rate of leaching. All 4
chemical upon leaching. ASE drops during the second specimens had parallel sides and annual rings parallei 4
wetting cycle. The ASE value calculated from the first to two faces. If the rings were not parallel to two , 1
wet volume to the second ovendry volume is almost faces. the specimens would have gone out of square **—. :
a'ways a lower value than any subsequent ASE values. during water swelling. Attempts to measure an out-of- - e
This 1s hecause the new OD volume is smaller than square wet block with the flat bed micrometer i
onginal OD volume because of leached chemical that introduce a very large error in volume measurements. ..
had bulked the original sample. Because of the slight
loss of chemical in the first water soak test in the Since determination of dimensional stability is based e
calculation of ASE in the water leaching test. it is on a comparison between an untreated and a treated
recommended that the OD volume after the first water specimen. it is critical that the treated sample come J
leach be used for V, in equation (1). and the from the same source as the control. The blocks can ® <
waterswollen volume in the second wetting be used as serve as their own controls if they are subjected to a :
V,. This will give a more meaningful measurement of soaking-drying cycle prior to treatment. The S for SP 1
the dimensional stability of a bonded treatment in springwood is 6 to 9, while summerwood is 17 tc 20. )
hgud water. The average S for a sample will, therefore, depend on )
the proportion of summerwood to springwood. If a 4
In almost all tests described for water swelling. a different control is used to compare with a treated 1
soaking time of 1 week is used. Within 24 hr. the S is specimen and they differ in the percent of ®
1 within experimental error of what it will be in 7 days summerwood. then the values obtained for the ASE are B 3
b . (table 15) Soaking beyond 24 hr will not ‘ncrease the nearly useless. :
[ - S. but it will influence the amount of material ieached .
5 out. {
b .
9 4
° 1 Y ‘
_ ]
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Table 16 and figure 4 show the effects of chemical
loadings on the ASE. For PO, the maximum ASE
observed is about 60 while BO maximum ASE is over
70 percent at WPG between 21 to 33. The difference
between these two may be due to the greater
hydrophobicity of BO and the difference in molecular
weight. Both treatments show a downward trend in
ASE above 33 percent.

Specimens for photo micrographic study were cut from
modified or unmodified SP blncks, hand split in the
radial direction and mountec on circular

(3-mm diameter) specimen holders with a mixture of
silver paint and cellulose acetate cement. The stub
holders then were transferred to a high vacuum
evaporating unit and coated with approxunately 100 to
200 Angstroms (/3\) of gold. The specimens were
examined with a Cambridge Stereoscan Electron
Microscope at 20 kilovoits (kV).

R~ AR

Additional specimens were infiltrated with celloiden to
filt ali cavities and interstices. thereby holding the
celfuiar components in place during sectioning and
free-hand cutting and splitting. This was done to
demonstrate that the effects observed were due to the
chemical treatment and not to specimen preparation.

Table 15.—Rate of water swelling of southern pine

Weight Volumetric ;svivreﬂing/ coelficient, S

Treatment percent i .
gain  1day 2days 4days 7 days
Controi 0 18.9 18.9 19.0 19.0
0 15.8 158 15.8 15.8
Propylene oxide 29.2 76,1 6.1 6.0 7670

Table 16.—Antishrink efficiencies (ASE of modified southern
pine as a function of weight percent gain (WPG)

Butyiehe oxide Propyleﬁ'éfoxide -

WPG ASE WPG ASE

Pct Pct

36 16.0 - -

71 220 - -
, 139 527 14.0 12,0
. - — 19.7 38.9
3 211 68.8 20.4 513
: 230 710 ~ —
: 254 733 255 614
& 270 738 271 638
L - - 280 68 1
g — - 295 67 1
3 - - 326 60 4
y 332 722 337 635
;. _ _ 339 577
! - - 377 354
R 39.4 515 396 36 1
~ - 453 15 1
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Figure 4. —Relationship between antishrink efficiency and ® 1
chemical add-on due to epoxide modification. (M151131) .
The electron micrographs clearly show the effects of ]
high chemical add-on. Figure 5A shows a radial-split
specimen of unmodified SP. Shown in figure 5B is a
radial-split specimen of SP modified with PO to

29.5 WPG. The tracheid walls are intact, and no effects
of the chemical added can be seen. In figure 5C, the
same type of specimen is shown except at 32.6 WPG:
checks are starting to form in the tracheid walls. In
figure 5D, at 45.3 WPG, the checks in the tracheid wall
are very large. The splitting is always observed in the
tracheid wall, not in the intercellular spaces; in some
cases the splits go through the border pits.

Most of the checks occur in the summerwood portion
of the modified wood. The less dense springwood may
be abte to accommodate more chemical before the cell
wall ruptures. It is also possible that there is less

chemical add-on in the springwood. If so, and since — 3
the WPG is an average for the whole sample. the WPG - _—'»«
in the summerwood would be higher than 33 when cell T
wall rupture occurs. R
Only the epoxide treatments have been reported to add ST
to wood celi wall components to such a degree that SRR
they cause the wood structure itseif to break apart. All — e
other reported chemical substitution treatments of _ ® -

wood components add to wood up to about 35 WPG,
and no cell wall rupture has been observed. The
epoxide system seems to swell the celi wall. react with
it, and continue to swell and react to the point of cell
wall rupture and beyond.
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Distribution of Bonded Chemicals

Qvendry SP sapwood was treated with PO-EPI (2:1, v/v)
with TEA as the catalyst (95:5, epoxide/TEA, v/v) at
120° C. 150 ib/in.?. Treated wood specimens were
prepared varying the radial and tangential dimensions
from 12 by t2cmupto 5by 5cm. All specimens were
45 cm long with the grain paraliel to one face. After
treatment. each specimen was taken apart for analysis
as descnbed in the following. For determining ASE.
1.0 cm cross-sectional specimens were removed 10 cm
from one end and in the center of a sample block. On
either side ot these cross sections, additional 1.0 cm
sampies were cut for chlorine analysis. The samples
removed for chiorine analysis were cut in three equal
sections from the outside to the center. These were
analyzed for chlorine as outside. middle, and inner
samples.

Ail chlorine analyses were done by the X-ray
fiuorescence method Separate SP blocks, 3.7 by 3.7 by
7.5 cm. were prepared from freshly cut logs and OD.
Three types of samples were prepared: (a) sapwood
with two to three annual rings per sample with each
ring comprised predominantly of springwocd with very
thin summerwood bands: (b) sapwood with 11 to 12
annual rings per sample with 2- to 3-mm wide bands of
summerwood and neariy equal volumes of springwood:
and (¢) mixed heartwood and sapwood with 22 to 24
annual rings per sample and equal volumes of
summerwood and springwood.

These blocks were treateg with equal amounts of PO
and EP! with TEA as the catalyst (95:5 epoxide/TEA,
+v). Specimens with chemical WPGs of 6 to 36 were
prepared Dy vaiying the reaction time. Some of the
treated specimens were cut into sections of essentially
all summerwood or springwood. Volumetric swelling
coetficient and ASE were determined.

Separate specimens 3.7 by 3.7 by 7.5 cm were treated
with the PO-EPI'TEA system. reovendried. separated
into springwood, summerwood. sapwood, and
hear*wood and ground to pass a 20-mesh screen. Half
o* the specimen was used to determine chlorine
content by x-ray fluorescence; the remainder was
extracted with benzene for 2 hr in a Soxhlet extractor.,
oyerdrnied. and the chlorine content determined.

< CPRE ShSE B Aan 20 ar A o - g W e Jedt

There is no direct way to determine the degree of
chemical substitution with the PO and the BO
treatments. Reporting the chemical pickup as a WPG
may be in error due to the possible extraction of some
hemicetluloses and lignin during the treatment. A
direct measurement of epoxide bonding is possibie by
chlorine analysis of EPI modified wood determined by
x-ray fluorescence. Epichiorohydrin with a molecular
weight of 92.53 grams per mole (g/molej is 38.3 percent
chlorine. With a ratio of PO-EPI of 1:1 (v/v}), the
relationship between VPG and chiorine was calculated
as (WPG/0.383)/2 = percent chlorine. This calculation
assumes equal amot ‘s of PO and EPI, and the ratic is
actually 1.12:1 on a mole/mole basis.

In one specimen in which the polymer weight gain was
6.14 g in 21.13 g of wood, the chlorine content was
calculated at 11.1 percent. By x-ray fluorescence,

10.5 percent was found. In several other specimens,
the percent found was within 1 percent of the
calculated chlorine content based on WPG.

Apparently there is some preferential reactivity with
epichlorohydrin in samples in which mixtures of PO
and EPI were used. For example, in a 1:1 sample
(PO/EPI, viv) at 24.1 WPG, the theoretical chlorine
content is 3.8 percent. Chilorine determined by
fluorescence gives 4.6 percent. Similarly, at a 2:1 ratio,
18.7 percent add-on calculated C1 2.4, found 2.9: at 3:1,
16.6 percent calculated Cl 1.6, found 2.8; at 3:1, 24.¢
pzarcent calculated Ci 2.4, found 3.4; at 4:1, 27.7 percent
calcutated Ci 2.1, found 3.5; and 8:1, 24.3 percent
calculated Ci 1.0, found 3.1.

it was important to show that the chiorine was not lost
during the reaction. it has been shown that under
strong alkaline condition, the chlorine is lost through
reepoxidation from the chlorohydrin (fig. 6). If the
chlorohydrin formed did undergo further reaction to the
epoxide. hydrochloric acid would be ‘ormed as a
byproduct. Under reaction conditicns employed, no
loss of chliorine was observed during reaction.

-OH M
CI—C—C\—/C+ROH —(C|—C—C—C—OR
|
OH
chiorohydrin

‘-OH
RO-C—-C—-C OR"—-———ROH C—C—C-0OR
—_C—C—=C— = —
( -OH \/
OH
crosslinking epoxide + HCI
Fiquee b -Reaction of epa-h'orchydr s n G owg (VRN B
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Table 17.—Chlorine distribution and antishrink efficiency of propylene oxide/epichiorohydrin (2:1, viv) treated southern pine

Chiorine

Weight , SR _ — Antishrink

sa;;g‘e percent Theo- End Center efticiency

garmi retical  Outside Middle Inside  Outside Middle Inside End' Center*

cm e —————— Pt ———————————_—————————

12by 1.2 28.8 3.7 — 4.5 — — 45 — 65 65
25by 25 248 3.2 5.34 521 5.40 5.83 5.41 5.36 70 69
37by37 20.9 2.7 4.05 3.90 3.75 415 3.70 3.30 49 49
5by 5 281 36 4.20 4.15 4.40 4.30 4.15 4.15 62 59

"10 ¢cm from sample ené.

22.5 ¢cm from sample end.

In the EPI-treated specimens, the chlorine was
confirmed to be in the cell wall by energy-dispersive
analysis of x-ray spectra generated in the scanning
electron microscope. The greatest percentage of
chlorine is in the S, layer, which is the thickest cell
wa'' component and contains the most cellulose.

The distribution of chlorine as a function of wood
thickness was determined on wood specimens varying
tre radial and tangential dimensions from 1.2 by 1.2 cm
up to 5 by 5 cm as described previously. Table 17
shows hittle difference in chlorine concentration
between outside. middle, and inner (tig. 7) samples;
however. a slight chemical concentration difference
between the outside layer and the inner layer occurs in
the 3 7-cm sample. Table 17 also shows little
difference in ASE values even in the 5- by 5-cm
samples. The ASE for both the end sample and the
center sample are lower than expected for the WPG.
From tests to date. a sample with 28 WPG should have
an ASE of 65 to 70.

The ¢ata here are not conclusive because, aithough the
chlurine concentration is very low in the 5- by 5-cm
irner sample, the ASE of that same sampie is not
lowered to the same degree. This could mean that in
the EPI-PO mixture the PO is preferentially penetrating.
This would give a higher ASE value than the ~hlorine
analysis would predict. These results indicate that EPI
does not penetrate wood deeper than 2 cm ‘the center
of a 3.7- by 3.7-cm sample). but that PO does.

The chlorine content found is higher than the
theoretical content based on a dilution factor ot 2to 1
(table 17). There is a preferential reactivity of the EPL
This may also explain why the chlorine content
decreases as the thickness increases.

A final observation from table 17 is that in some cases
the chliorine content of the inner layer is greater than in
the middle tayer. This may be due to the high
exothermic heat generated by the EPI reaction that
creates a hot spot in the center of the wood due to
poor heat transfer. This will resuit in a faster reaction
rate in that zone and will apply especially to the larger
samples with high end grain penetration of EPl. These
hot spots were opserved in 5- by 10-cm samples treated
with pure EPi or a 1 to 1 (v/v) mixture of EPI and PO. In
these specimens, the heat of reaction caused charring
in the center, and in some cases, the entire specimen
was carbonized. This has not been observed in either
PO or BO treatments in samples up to 7.5 by 7.5 cm.

TIPSO IR I ORI PP
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Figure 7 —Scheme for removing sections of southern pine for
chlorine analysis and antishrink efficiency determinations
{Samples: 1. inner; M. middle; and O, outer) (M151129)
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Separate SP specimens were modified with the PO/EPI Table 19.—Four characteristics of summerwood and
system (table 18) to determine the distribution of springwood of southern pine treated with propylene oxide T
chlorine in springwood, summerwood, sapwood, and —ee e e e T
heartwood. For untreated SP summerwood from Weight V°'“':‘|:’"'° Antishrink
sample B, S was more than twice that of springwood Samples Density percent c:::feici:?\ts efficiency R
from sampie A (table 19). This was due to the ain s ASE) o
differences in density of the two sections (1, 2, 16). e e — Pet- - .. @ .
Sample B, which was over half summerwood, achieved 7777 G=———= o
a WPG of 20.1 after 2 hr of treatment (table 18). At this Sorinawood (A 0.33 0 78 _ el
same treatment time, sample A, which had a high pringwood (A) S 1
springwood content, was treated to a WPG of 35.9. 24.2 21 73.1 SN 1
This indicated that it was much easier to treat L
springwood than summerwood. The summerwood 335 1.6 795 R ;
sample with a WPG of 20.9 split in the radial direction °®
during treatment. Table 19 also shows that the treated Summerwood (B) 70 0 18.8 - -~
summerwood had an S of 7.4. Even though this 20.9 74 607 g
represents an ASE of 60.7 compared with unreacted — — T S R
summerwood, it still indicates a swelling equivalent to R
that of untreated springwood. This means that -
chemicals used to contro! swelling must effectively . s ; ¥
: A Tabie 20.—Chlorine determination on southern pine treated K
react with the summerwood, for this is the largest ith ) id ichiorohydrin/triethylami les A - o
contributor to the swelling of wood. with propylens oxide-epichloro ii" w (’_'jj_ _n:(faimp ﬁs ) o 1
; Chlorine Weight 1
Table 20 shows the reactions of the PO-EPI/TEA system Weight based percent Percent :
on SP which was mainly springwood (sample A). At the Isolated pe:cgem ::; h‘:" Chlorine  gain  weight .
lower weight gain, the amounts of chlorine found were sections' gain percgent found based on loss on S
greater in all samples than the theoretical amounts gain chlorine extraction
calculated based on EP). This preferential reaction o tound - ]
does not seem to occur at the high WPG. ~—— PCt ——— —Pct— L J ;
-1
In the A samples (table 20), summerwood bands were Sp NE 196 3.76 .42 28.3 - R
so thin they were not easily separable from £ _ _ 457 239 49 S
springwood. For this reason, the data in table 20 are ) : ’ ]
for isolated springwood bands and for Su/Sp NE _ - 4.98 26.0 — B
summerwood/springwood mixtures in ratios of 1:1 to .
1:3. Even in these summerwood/springwood mixtures, E — — 4.40 23.0 4.0 @
there is a lower chlorine content. R
Sp NE 27.0 5.18 6.02 31.4 - R
Table 18.—Reaction of southern pine with propylene oxide- E - — 5.01 26.2 25 SR
epichlorohydrin/triethylamine (120° C, 150 Iblin.?) T
R o S SuiSp NE — - 5.30 27.7 — EDE
Weight percent gain - —-Lq
Reaction time el E - - 4.77 249 2.8 BN
... SampleA SampleB Sample C ]
Min Sp NE 359 689 688 359 - RER
25 19.6 6.7 133 € _ . 6.11 319 6.9 . . .]
38 234 1.2 16.9 SuSpNE  — - 612 320 - )
45 27.0 15.9 19.4 B - . 5.08 %5 53 . fi‘
60 273 18.6 23.2 'Sp. springwood; Su, summerwood, E, extracted with benzene; - :
NE, no extraction. -
120 359 20.1 298 i .
i o
D
1 o
5 e 1
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Chlorine

found based on
chlorine extraction
found

- — Pt ———

333

3.65

4.00

380

Table 21.—Chlorine determination on southern pine treated
with propylene oxide-epichiorohydrin/triethylamine (samples B)

Weight
percent
gain

17.4
19.1
7.6

7.0

320
283

219

209

¢ 3

surmreryuod. E o extracted with berzene,
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Table 22.— Chlorine determination on southern pine treated
with propylene oxide-epichlorohydrin/triethylamine (samples C)

Isolated
sections’

S NE

H NE

S NE

H NE

S NE

H NE

S NE
E
H NE

E

'S, sapwood. H. heartwood. E. extracted with benzene; NE. no
extraction.

Chiorine

found based on
chlorine extraction
found

4.89
3.87
484

2.85

5.02
4.00
563
3.35

5.53
378
£,

5.66

3.44

Weight
percent

17.2
16.6
237

17.4

255
20.2
253

149

26.2
20.9
29.4

17.5

28.9
19.7
296

18.0

o
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tower than i1 sapwood in ai' samples except in the weight gains but no dimens anal stapility, - This means X )
Iowest weight percent gain sample. Obviously then that 1hese two epoxides polymerized in the cell lumen *1
Cautiun must be taker 11 mterpreting the results of and tid 0ot react with hydroxy: groups 16 the cot wall %
chuemical uptake in species with significant extractives p Chicrophenyl 2.3-epoxyiropyl ether 3-eboxvethyl 7 1
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The B samples (table 21) were tro.n sapwood that had
about equal amounts of summerwood and springwood
Here the bands were wide enough that good separation
was possible. The data in table 21 clearly show
preferential reactivity in the springwood. At a WPG of
6.7. over 100 percent more reacted chemical was in the
springwood and. at a WPG of 20.1. there was

40 percent more reacted in springwood than in
summerwood. Almost twice as much weight 10Ss on
benzene extraction was observed 1n the springwood as
in the summerwood

Part of the explanation why springwood contains mcre
bound chemical than summerwood may be found in a
censigeration of the cistribution of reacting chemical
within the wood The void volume of the wooud gives an
indication of the vacant space within the wood that the
entering chemical can occupy. The greater the voud
volume. the greater vl be the amount of chemical that
can be contamned by the wood Assuming the voids are
evenly distnibuted and totally accessible to the
chemica!l. the greater the void voiume, the greater will
be the content of reacting chemical within a unit
guantity of wood The refative void volume of ovendried
SP as given beforets 077 cm! voids'cm®* or 23 cm'g
*or springwood and 0.52 cm®cm? or 0.74 cm/g for
summmerwood This means that there is 15 ttmes more
void vorume 11 springwood than in summerwood on a
total vulume basts On a weight basis, springwood has
3 1 titnes more void volume per gram than
sumrnerwood. These void spaces would allow a greater
content of chemical within the springwood. With the
thnner. more easily penetrated sprningwyood walls. it
wou'd be expected that more reaction would occur

The differences in chemical pickup in SP modified weth
the PO-EPI'TEA system showed greater uptake in
heartwoos before benzene extracticn (table 22).
However. almost three times as much weight toss was
observed after extraction of the heartwood samples
»1th benzene. After extraction. the amount of
nanieachable chemical ohserved in the heartwood was
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CHEMICAL STRICTURE OF EPOXIDES, R CH (H, .o
B
-CCly 1,2 -0p0xy- 3.3, 3 tr.chioropropane
~CHaCCly 1,2 - epoxy - 4,4, 4 - trichiorobutane - —
-CHg-0-CHp-CH:CH, |-allylosy - 2 3 _ epoxypropone ® :
(\ 1,2 - apoxysthylbenzene L
oy 4 Mo B-chioropheny!- 2 , 3 - epoxypropy e ther .
" i
Fiogure 8 - Chemicds strn ture of 1oL amthion. ) »poxides e e
/() - ‘.i
N
HCHOH M2 @ ‘
|
NOTOR AL B s o H,
R .
o P
CH CH, 1,2 3,4-4epor,butane @
0 ]
My le THACR, ' 7.8 Yepixyactone R
o) T
Cr, 0 UMY -O-CH, LR CHy 14 bytanediol  digiycidol ether
N
X, e s .
. epoayethy 7 ox iyl . 4 P hegtone
.
Figure 9 - Chemical structure of Jtuncthond! ¢poxides .
0 o
/N 4
BCHCH (M15113% B
-“- 4
Table 23 shows that 1 2-epoxyethylbenzene reacts more ‘1
stowly with wood than either BO. PO or EPI After 610
16 hr of reaction with 1 2-epoxyethylbenzene TEA. Guo9 . L4

Jimensional stabihty was achieved with very hittle loss

ot bonded chemical after two water soak tests
t-Allyloxy-2.3-epoxypropane also reacted we'l with

wood. giving good nunleachable weight gains and

moderately high ASE values. 1.4-Butanedict ¢igtydas

ether and ' 2:3.4-diepoxvybitane gave high non'eachal.ie -
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Table 23.--Properties of modified southern pine T
. Weight C ]
: Weight 4
Chemical Reaction percent S? ASE? ASE! percent R
time ain 1 2 gain - E
9 retained® o
M e —————— Pet—— — —— ——— — - ®
10 sponyelny berzene 60 7 0.4 0 2 3 '
240 10 26 22 19 9 -
390 26 9.3 66 63 25 . -
450 23 9.4 66 66 21 5
1.080 30 12.0 78 76 27 4
: 1
Ta vice, & el aypioldne 15 4 1.5 15 8 0 ®
25 17 10.2 48 37 14 r
45 20 7.5 48 45 18
60 26 95 56 41 19
120 32 1.0 59 56 29 4
2 40t Oy oida 15 8 8 2 4] 6
tres 20 7 12 5 0 4 1
25 16 21 14 15 7 ® <
27 23 50 19 7 ] 1
30 39 2.8 3 0 37
i . . ) 4 9 2 4 1 ’
< e 60 19 44 36 27 " .
120 14 1.6 4 0 12 ’ 4
240 20 8 7 2 17
160 14 1.4 12 10 " ®
. 30 3 9 5 0 0
' 60 4 11 6 0 0 .
{ 300 17 4.0 31 5 9
f 150 17 49 24 0 1 :
| 180 12 13 9 3 4 i
; - 15 16 18 23 13 9 ' °
2¢ 8 25 0 0 4
P 8 38 5 0 1 o
30 37 45 22 21 35
bl 64 17 8 61
4 . W 9 66 24 11 3
‘ 60 17 3s 22 18 12
‘-. B 1" 36 22 10 8 °
240 20 76 41 33 14
r T N SEPTIRNS LI WIS C A
-
:_ I . s e N oteatoodl cemaining in wood after solvent extraction and avendrying
: L et s A o e water comparad to untreated wood in first 7 day soak '
¢ .
q S Lot W 1 Gt adler compared 1o untreated wood atter second 7-day soak [ ]
Tt e say aoater scak penods based o weight of untreated ovendry wood ‘i
) s 4
p . .
1
b
1 1
!
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Wood Species Modified

Thirteen different species of wood (table 24), 2 by 2 by
15 cm, were treated with either PO or BO with TEA as
catalyst (95:5, v/v) at 120° C, 150 Ib/in.2. Weight percent
gain was determined on an OD basis before and after
treatment. ASE was determined from a single water
soak test.

It can be seen in table 24 that many species will react
under the conditions used. Most species tested gave
weight gains similar to SP and showed equivalent
dimensional stability resuiting from the modification.
Of the species tested there were two which gave
unexpected results. Both red oak and teak reacted
with the PO and BO systems but neither resulted in any
dimensional stability. Teak is very high in extractives
that may interfere with the reaction. This may give rise
to nonbonded homopolymer in lumens and no reaction
in cell wall. Oak, on the other hand, is low in
extractives so that the weight gains shou!d be cell wall
bonded chemical.

It is easy to generalize on the type of wood that can be
moditied and extrapolate information to an untried
species with the rationale that if it worked on one it
will work on the other. The data collected so far would
indicate that this is a dangerous assumption. The
parameters of chemical modification as they relate to
species differences are not known at this time. Each
species must be tested separately without any
assumptions on treatability.

Effects of Moisture on Epoxide Reactions

One of the greatest concerns in considering chemical
modification as a viable commercial process is how dry
the wood must be before the reaction chemicals come
into contact with the wood. Since the epoxides react
with any hydroxy! group, the hydroxyl group in water
will also react. This would result in glycol formation
from the reaction of epoxide with water. The epoxide
would then be lost for bonding to wood. It is not
possible or practical to dry wood to zero percent
moisture, so it was important to determine the effects
of low levels of moisture in wood on reactivity and
resulting properties with the PO and BO systems.

h R L.
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Table 24.-Wood species treated at 120°C,
epoxideltriethylamine (95:5, v/v) 150 Ib/in.?

X Welght
Species I::::‘ Time percent ASE?
galn
Min
Red oak PO 30 218 0
PO 40 25.6 21
Hard maple PO 35 27.3 41.1
BO 60 18 52.2
BO 180 32 61.0
Teak PO 30 20.5 0
PO 60 20.7 0
Wainut PO 3 26.2 46
80 240 28.3 53
EIm PO 40 28.2 46.3
Cativo PO 40 29.7 42.2
B8O 240 228 64.2
Persimmon BO 180 22 —
8O 240 33 —
Eucalyptus obligva BO 240 22 46.4
Radiata pine (sapwood] PO 40 34.2 67.3
(heartwood) PO 40 321 52.3
Southern pine (sapwood) PO 40 35.5 68.3
(heartwood) PO 40 246 59.7
Ponderosa pine PO 40 26.9 36.5
Douglas-fir 80 300 20.7 -
BO 360 246 —
Spruce PO 40 326 —
S 80 360 30.4 —
'PO—propylene oxide; BO—butylene oxide.
2Antishrink efficiency after one water soak.
19
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Table 25.—Repeated reactions of propylene oxide with ovendried and moist ponderosa pine }
' ' "~ Dimensional Stabllity o -
T 27°C, 90 percent R
Equilibrium relative humidity Extraction . 1
moisture . of 20-mesh Weight gain i
Specimen Content Weight Water soak Equilibrium sample with remaining Wood weight - @ .
when percent . _ . _. moisture benzene:EtOH after loss 14 days L. '.‘-‘
treated gain ASE, ASE, ASE, content weight loss extraction at 105° C -
———————————————————————— POt e e e ]
1.0-PO ~0 OD 260 528 111 38 20.2 - - a1 o
2-0-PO ~0 OD 38.0 67.7 343 96.6 205 13.4 19.4 5.1 -9
3-0-PU ~0 0D 39.0 570 220 — — — — 5.2 ®
4-0.PO +0 OD 38.4 640 343 — — 13.3 201 5.3
5.0 PO ~0 0D 319 610 251 — - - - 5.1 1
6-0-PO ~0C 327 627 298 264 20.4 14.2 13.8 5.1 K
7-0-PO ~0 0D 404 688 420 — — - — 5.4
3-0-PO ~0 OD 33.3 60.8 126 321 20.2 14.5 14.0 5.3 E
9-0-PO ~0 0D 403 59.3 203 774 19.1 - — 53 4
10-0-PO ~0 0D 32.0 582 138 170 20.4 15.4 118 49 1
1-5-PO 5.6 47.4 88.1 293 00 216 283 58 16.5 L
25 PC 5.7 541 764 185 774 28.1 26.5 133 155 R
35F0 55 52.0 83.4 244 — — 27.2 10.7 16.4 - . 4
45P0 55 532 845 334 — — 29.4 8.2 16.6 -1
35 PO 57 53.2 796 237 642 28.1 28.5 9.5 16.9 1
1-13-PO tuB 59.0 856 165 79.2 34.5 35.6 2.5 20.2
< QPO 100 496 88.1 o] 77.4 323 31.1 3.1 19.8
g PO 106 61.1 870 241 830 343 33.7 6.9 20.4 .
45 PO T 495 806 271 717 31.5 31.6 2.3 16.3
S0P 1006 39.3 723 0 64.2 28.0 251 4.3 14.0 X
Average * v:' _.4
& o 194 39 ) A
®

e L A i actn o T L AL SR

- oty ponderosa oooe (PP specimens. 2 by 8 by A 10-m} sample of each treating solution was collected 1
5 Tnnoom yere proparsd Twenty were ovendried. 10 at the end of each run and submitted for gas

- s e nbrated at 30 percent ratgtive humidity (RH) chromatographic analysis. The gas chromatograph

1 Doan Y0 oaere enudbprated at 65 rercent RH. was a Varian 3700 with a thermal conductivity detector.

{ D Trene spooimens were usec to tJan a series of A helium carrier was used with a 400-cm by 2-mm .
t €0 aog0 At ang as fnilows: Ore OD sample was column packed with 60/80-mesh Porapak QS. Starting }
o peat -t e 1 EG M POITEA or BO/TEA temperature was 75° C. program temperature rise of o
i DTty sl e YA the end of this 4° C/min to a final temperature of 230° C. The ratio of R A
tre e g semond spociman wvas treated aith the epoxide to TEA was determined along with percent R
- . came teatrg sonation made back up to 1,500 ml with water and volatile unknowns. The percentage of -
- fresn ecsode TEA moaure dapproximately 206 ) This butylene giycol was also determined on the BO :
s crocedure gas repeated for a total ot 10 runs ior the samples. R
b QD specimens, Suns each for the specmaens o _}
® auibrated 3t 30 percent RH and 65 percent RH ®
r It can be seen in tables 25 and 26 that 10 runs of PO or RN

Afrer reaction each speciinen was OD for 14 days at BO at zero percent wood moisture gave consistent T {
[ U Coang wewgbt ss determined. Each specimen results. The ASE values for PO go from 58 to -
N A then cg and ASE determined in both the water 70 percent in the first soak cycle to 11 to 42 percent on :
- soanen; test o at 90 cercent RH at 27° C. A portion the second water cycle. The ASE values for BO are
; cbegek specmen was ground to pass a 20-mesh righer than PO on the first soak cycle and do not drop A ]
° ~oreer patracted with refluxing benzene/ethy! aicohol as much on the second. Part of the weight gain is lost °
3 e Vv for 2 art wesht loss determined on continuous ovendrying and through extraction.
3
5 .
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t'_ Table 26.--Repeated reactions of butylene oxide with cvendried and moist ponderosa pine
Dimensional Stability
- 27° C, 90 percent
= Equilibrium refative humidity Extraction E
ﬁ moisture . of 20-mesh Waeight gain -
' Specimen Content Weight Water soak Equilibrium sample with remaining Wood weight - . 4
) when percent moisture benzene:EtOH after loss 14 days .-
- treated gain  ASE, ASE, ASE, content weight loss extraction at 105° C : i
- ———— et e e — PCt ————————— — ——— — — e — — -
- 1-0-80 ~0 0D 336 692 58.7 60.4 129 - - 5.1 R
2.0-B0O ~0 0D 263 68.1 565 - — 13.7 9.0 4.2 T
3080 ~0 OD 331 681 591 — — - — 5.0 °
4.0-BO ~0 OD 234 399 255 00 14.5 154 45 4.1 p
50-BO ~0 0D 29.7 572 429 - — — — 59 ]
6-0-80 ~0 0D 38.C 754 652 — -— 18.4 12.6 6.7
f 7-0-BO ~0 OD 212 58.2 528 377 143 — — 30
8.0-BO ~0 OD 32.7 755 581 — — 16.2 1.2 41 k
4 9-0-80 ~0 QD 296 702 598 415 147 - — 5.0 .
[ . 13-0-8C ~0 0D 364 754 688 — - 17.3 13.2 54 ‘
‘ * 5-80 49 507 918 497 66.0 14.4 34.8 -17 14.6 e
2:5.80 5.1 526 919 466 940 14.3 33 1 2.1 15.7 ]
{ X 3-5-80 55 718 1000 €20 774 14.4 381 6.3 18.5
- 4580 5.4 658 100.0 66.2 — — 36.5 53 17.7 N .
55.80 s 70.8 96.4 575 736 1438 381 57 20.0 T
11080 10.5 69.7 988 500 — — 39.7 2.4 24 4 ]‘
j 2-10-BO 10.4 77.8 976 535 — — 43.6 3 257 Py
31380 9.8 773 93.0 437 585 16.5 43.7 -2 259 .. 4
[- - 4.*0 BO 103 91.1 1000 579 887 17.7 472 8 278 T
- 510 BO 10.0 683  90.8 352 679 16.4 394 1.9 24y SR,
3 RERRARS
- Ayerage SR
& sont 19.4 39 ]
@ °
coth 5 and 10 percent moisture tevels PO-modified Little ditference in specimen properties was observed R
youd suecimens (table 25 show high initial on repeated use of the treating sofution. The etfects ot )
4 ireensiona’ stabiity but very dittle in a second soak the moisture are seen in the first specimen treated. and "
r Syn.e Tris finding coupled with the high amount of subsequent treatments do rot compound the etfects of -
. ~=mica 'ost to both extraction in benzenerethanol and accumuiated motsture. o
TuntinLous ovendrying would indicate that cell wall S
Lecetration has taken piace but little or no bonding. Gas chromatographic examination of the treating L J
Simuiar cesulls were obtained with BO-modified woed solutions {tables 27 and 28) aiso shows no buildup of -
Jqata 26: except there s not as much drop in water in reusing the solutions up to five times on moist Ky
dimens anal stability in continuous soak cycles. specimens. With the BO solutions there is an T
icreasing amount of butylene glycol as the treating o
s anteresting to nute that a control specimen solution is reused. showing that some of the BO 1< --']
conditened ar 277 C. 90 percent RH has a moisture hydrolyzed to the glycol. -4
content o f19.4 percent while BO-modified wood has 2 )
: sarme yhat [ower average meisture (17 pet). Propviene : h
Swdempdified specimens on the other hand have an \
i aveage moanture content of gver 32 percent. This 9
. xocied nagicate that the PO-modified wood wds
Ser et nygroscoptc while the BO-modified wood is
Pyl j
. °
B
. 4
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Table 27.--Gas chromatographic analysis of propylene
oxide/triethylamine solutions used to treat ponderosa pine

Propylene
. oxide/ Volatile
Specimen No. triethylamine Water unknown Total
ratio
—————— Pet——————
10-PO 214 0.03 0.04 92.04
2:0-PO 215 04 .06 92.67
3-0-PO 205 .05 22 93.42
4-0-PO 198 22 1.62 97.52
50-PO 196 09 18 96.04
£-0-PO 189 04 13 92.08
70-PO 196 17 14 90.63
3.0-°0 190 08 A3 91.06
30-PO 18.1 06 31 91.38
3-0-PO 16.7 15 23 84.44
1.5-PQ 175 .09 .07 88.73
25PO 19.3 18 16 82.63
35.P0 192 BB 06 77.84
1-5-PO 201 12 06 76.67
55-PO 206 o8 03 68.44
110-PO 234 23 .85 90.07
2-13-PO 239 08 07 78.07
310:PO 241 08 05 71.16
4.10-PO 212 A7 1 60.32
5.10-PO 237 34 54 50.53
Starting
30 4t10n 19 0 0

A starting ratio of PO/TEA or BO/TEA is 95:5, viv, or 19.
After one treatment of wood at zero percent moisture
the ratio 1s up to 21 to 22 for both PO and BO, and then
decreases with subsequent runs to 15to 16. This
means that the epoxide is removed and TEA is
increasing as new 95:5 mix is added to make up the
volume for the next run. When moisture is present in
the wood. the ratio of epoxide/TEA increases
somewhat.

There is very little change in the amount of unknown
volatile material in the solutions, however, the total
accountable materials decreases significantly with
continuous solution use. This means that nonvolatiie
homopolymers are being formed. These homopolymers
will not react with wood and therefore do not end up as
bonded cell wall chemical. If polymer is formed in the
cell wall and if the wood does not come into direct
contact with liquid water, then the polymer would act
as a nonbonded cell wall bulking agent and could
provide a high degree of dimensional stability.

22
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Table 28.--Gas chromatographic analysis of butylene
oxide/triethylamine solution used to treat ponderosa pine

Butylene
Specimen oxide/ Butylene Volatile
No. triethylamine glycol Water unknown Total
ratio
——————— Pet———————
1.0-BO 221 0.035 0.028 0.337 93.59
2.0-BO 19.1 075 029 313 94.59
3-0-80 179 0719 233 .606 94.08
4.0-BO 15.8 074 118 .396 93.28
5-0-BO 15.0 .097 130 .360 91.90
6-0-BO 14.0 128 344 371 90.78
7.0-BO 15.2 .015 .096 485 84.89
8-0-BO 155 125 A79 .454 89.68
9-0-BO 16.4 112 125 .295 90.31
10-0-BO 16.3 125 181 .335 90.06
1-5-B0 21.0 .023 .259 224 95.65
2-5-BO 21.3 .046 969 175 91.98
3-5-B0 221 .060 071 .232 85.39
4-5-80 213 .073 .448 431 81.75
5-5-80 22,5 .076 629 .346 78.52
1-10-BO 216 .015 113 .385 89.94
2-10-BO 223 .038 .099 .388 80.80
3-10-B0 22.7 .045 .091 267 73.79
4-10-B0 213 .023 .093 .276 67.08
5-10-B0 24.4 .043 .055 334 58.70
Starting
solution 19.0

Decay and Termite Tests

Laboratory—Decay.

Standard soil-block tests were run according to
specifications as outlined in the American Society for
Testing and Materials (ASTM) D 1413 (1973). Southern
pine blocks, 2 by 2 by 2 cm, untreated or modified with
PO, BO, EPI, or styrene oxide were placed in test with
either the fungus Madison 534 (Lentinus lepideus),
Madison 617 (Gloeophyllum trabeum), or Madison 697
(Coriolus versicolor). Specimens were removed at

6 and 12 weeks, and the extent of decay was
determined as OD weight loss.

Separate sampies were leached for 7 days with distilled
water before being placed in test.
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It can be seen in table 29 that PO-modified SP 1s
resistant to attack by Lentinus lepideus at WPG of 24
This brown-rot fungus is not as destructive to SP as is
Gloeophylium trabeum. Table 30 shows that PO-
modified SP is not very resistant to attack by
Gleeophytlum trabeum even at high WPG. Butylene
oxide and EPI modified wood is resistant to attack at
WPG over about 23. Very iittle weight 10ss octurs aith
the white-rot fungus Coriolus versico:or even in ¢ontrol
specimens  Both PO- and BO-modihied wood s
resistant to attack by this fungus at aeght gans
above 20 percent (table 31)

Results from soil-block tests on leach 10 -

that effectiveness of bonded BO was .- t0 -
sabstrate modification and not toxc e The
chemical. 'f the bonded epoxiads was tox 0
fungus. decay resistarce wourd P, 7
much lower WPG. Resistance ¢ e N
Gloeophytium trabeum ot SP mon @ ey o
r=ntachloropheno! are shown v e °
essentially stopped at abcut 24 VPG
ievel required for pentachicrepr.-
DEWPG The curve ‘or pentant L -
shows what effect a highily tax o o g e
furgal growth.

Thagretically the degree of substitut -~ 28 ' b
cnemicals on the cell wali components Aould De the
most important factor in the effectiveness of
chemicaily modified wood in contreing attack cv
micro-organisms. While the degree of poiymerizatiin
iDPy after initial grafting to cell wall componrents
incresses bulking in the cell wall and contributes
positively to dimooasional stability. DP does not seem to
sontnib te ty lec o, resistance except perhaps to
exciude water fruin the enzyme-substrate site which is
requtre 1 for attack to take place.

Laboratory—Unsterile Soil

Qvendried ~ood of PP 19 by 19 by 152 mm were
reacted with BO'TEA (95:5. viv) at 120° C and 15C ib‘in <.
By varying the reaction time. three different WPG
specimens were obtained: 3. 15, and 23.7. Smail
piccks. 5 by 5 by 10 mm. were cut from the larger
bincks

Three smali unleached wcod blocks from each
reatment were incubated at approximately 227 Cin
maoist unsterle compost soll (garden refuse compost)
A set of unmodified PP blocks was also placed in the
=0t The blocks were removed from the soil after

b oweeks exposure and transverse, radial and tangential
sections were cut for microscopic examimation The
anmodified wood blocks were studied after 4 weeks
DXOSre
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Table 29.—Soil-block tests on propylene oxide treated
southern pine inoculateu with Lentinus lepideus

Percent weight loss
Weight percent gain

6 weeks 12 weeks
i) 241 442
53 .1 7h
240 52 43
36 6 26 1€
HERS 24 T3
SN 37 53

Table 3C.—Sou-block tests on epoxide-moditied southern pine
inoculated with the fungus Gloeophyllum trabeum

Percent weight loss after

Weight
Specimen percent Nonleached Leached
gain
6 weeks 12 weeks 6 weeks 12 weeks
0 44 6 529 349 68 7
Sro e Dadide 20 12.9 400 67 386
24 10.3 355 ] 50 4
37 8.4 8.7 14.2 236
50 5.5 252 127 250
B.tylene oade 7 52 18.8 B 68
14 29 12.4 T3 na
23 32 3.8 27 2u
Esichlorohydnin 17 49 72 62 v
25 26 51 24 -
35 22 59 20 41
41 — 27 40

Table 31.—Soil-block tests on epoxide-modified southern pine
inoculated with Coriolus (Polyporus) versicolor

Percent weight loss

Specimen Weight percent gain atter 12 weeks
Control 0 343
Propylene oxid: o2 404

2bh2 ton
RIS a8
Butylerie axid: 17 4 2b
’ 2hu !
200 ¢
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Sigure 10 -Resstance of medified southern pine exposed to
tns curguc Gloeophyllum trabeum. ‘M151134;

A sungle study was dene on unmodifiad PP blocks in
argar to try to demonstrate pathways for solutions in
the wood structure. The biccks were piaced in a
2 parcent solution of crysta! violet with the transverse
drface downwaids in the solution The depth cof the
soiution A a2s nmamate’y 3 mm. The solution was
et b Ban thr oG u ‘ne: wood blotks by capiilary
frorces The predes stopped when the first signs
SUAT kA : e transverse faces of the
woood ok, Tra bW Lare then left to dry over-
Cighrand wereoansequentt, eachod in water until no
v s a9 cigeen ottt Transyerse sections were cut
oot e vinlet stam wvas studied with

alle

The: otreaned 4000 L kS aers attacked by soft rot.
b e ftact cavitios were ingnd in both earlywood
and o atewood tracheds  Thne heaviest attack occurred
Vthe ataewond tract.eids where the Lavities were more
'zss randam'y distnibuted in the rachal and tangential

S S

T csrrases hne not Bloors artt a wergtt gain of

tored vy severe donay by softro
PATPREEA DY T bactera was abserved in tne
CtarLarts o treoninikg. Toe turneting bacteri:
G e gt b i egra g Lacteria which
S tiber wails wnere they form

e ot e S0

AT oTaH

Pertrateo gt thas g

A gt v te destogotion of tha cell wall
Tee T onenEn T ety apean to b ot more
S gt g tegny St by, The
conC Tt e ] B D s ey
ST e ety et traches fnoa e s ra
CA e ey e s b s it e

hal A 2 it et Al o St har i et JR st ind it Sl et Jhats dius iupnJage Separ i Jaon i

The soft-rot decay pattern was very unusual, because
all cavities were confined to the radial walls in the
latewood tracheids. dowever, most of the radial walis
that were seen next to rays in the microscope sections
were not attacked. Cavity initials (T-branches) were
observed in the tangential walls but further
development seemed to have stopped.

There are two immediate explanations to the uneven
distribution of the soft-rot cavities. The first one is that
chemical differences between the tangential and radial
walls in the tracheids have resulted in different types or
different degrees of reaction with the BO. The radial
walls contain a higher proportion of lignin than the
tangential walls. This could possibly affect the type or
degree of reaction.

The most likely explanation is that the radial walls have
not been completely penetrated by the solution of
BO/TEA. The radial walls in the latewood are nearly
twice as thick as the tangential wails. Microscopic
studies of sections from the wood blocks that had been
partially stained with crystal violet showed that only
the inner halves of the radial walls in the latewcod
tracheids were stained while the tangential walls were
completely penetrated by the stain. Most of the radial
walls adjacent to the rays were also generally well
stained. The penctration of the stain was observed to
be slower in the radial walls than in the tangential
walls in some of the latewood tracheids.

The staining experiment showed that areas which
remained unstained coincide with the areas where
heavy soft-rot attack occurred. This strongly indicates
that the peculiar distribution of soft-rot attack is due to
incomplete penetration of the radial walls by the
solution of BO/TEA.

Very few soft-rot cavities were found in wood blocks
with a weight gain of 15 percent. The superficial decay
observed was caused by tunneling bacteria. Their
attack in the wood blocks now showed the same
uneven distribution as the soft-rot attack in wood
blocks with 8 WPG. The distribution of bacteria was
not affected by the chemical modification at the lower
weight gain probably because of their greater tolerance
to toxicants. But at the higher weight gain they
became restricted to the radial walls in the latewood
tracheids. which again probably are less well treated
compared with the tangential walls. No attack could
he found in wood blocks with a weight percent

gain of 23.7

The resuits obtaned so far indicate important
Listnibution differences in connection with chemicai
modification of PP with BO. The same problems are
likely to occur in other softwoods as well.
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Laboratory—Termite

Biocks 0i SP. 45 by 45 by 15 cm, were OD and treated
with either PO TEA or BO/TEA (95.5. vivy at 120° C,

150 b in-. Specimens were prepared as 9. 17, and

34 WPG tor PO and 27 and 34 WPG tor BO. A sixth
specimen from the same board was used untreated as
a controfl,

The control and treated pieces were sawed into seven
smooth-faced 0.4- by 4.5- by 15-cm strips. Two biocks,
04 by 25Dby 25 cm. were cut from the middle of each
of the three central strips. Five of these, designated
interior biocks, were randomly selected for testing.
Four biocks of the same dimensions were cut from the
two stips imitially on the surtace of the starting piece.
Five of these, designated surface blocks. were
rardomly selected for testing.

Individuat sets of five intenor ana five surface blocks
from each treatment, and the control. were leached in a
Soxhiet extractor tor 2 hr with benzene/ethanol (2:1 viv)
ard. atter drying. for another 2 hr with water. The
teacr g process was designed to remove any toxic
rocdual coreacted reagents. The leached blocks were
ared soermghton a 105 C oven
Resg g teemes gy ges Kohiar: subterranean termites,
voted at Janesy e Wis  and maintained in a
soometal conta ner poor 10 use tEsenther 19770
oA e T any test arproximately 87 percent of the
ter o shyced n contaimers wWith control Dlochs
Sven b oves 3 d wesk conod inaicating tnat the
e hen Wt e dacceptatie for turther experimental

Lo rnsGe NEtNGE was seected (Esenther 1369)
At T Uedled A0GE Aas e ut'y source of nutrients
fome e e ggse 1o would reveal whether
Sttty might teoae Lo titermitic oroperty of the
Ory wasnhed sanad (10 mly was
1 cear prast o container inside
et g 45 omodeep: The sand
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. ISP PR BT mt3ct oot the sand'. Each
e ST wgp o ey oo ks (25 0 rernigr, 25 surface.
o crrs deere o et b ity —are per
PYENTEIILIRLIE e st gt wood blocks
bt Doty D e o e Onegranm
: U, et ot L were placed in
' M Tt reeat TS Laste
. teeetn et ars e counted in
i T R T ate ot s The termite
N [ TSTS NS ST S Arok b the form
T AV ar s st T auer e oo ber of
Sherthen o Wt A2 Y e et Aurkers
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Table 32.—~Percent weight loss in control and modified
southern pine blocks after 2 weeks exposure to subterranean
termites

Weight percent Wood weight

Specimen gain Block location l0ss
Pct

Control 0 — 31
Propyelene 9 interior 24
oxide Surtace 19
17 Interior 15

Surface 13

34 Interior 5

Surface 8

Butylene oxide 27 Interior 4
Surface 4

34 Interior 3

Surface 3

in ptece of wood after treatment.

Units were inspected at 4. 10. and 13 days after setup
to determine if the experiment was proceeding
normally. The experiment was terminated at the end of
2 weeks because the earlywood from the control
samples was almost completely gone. To continue the
experiment would have introduced a starvation
condition in this control set. Termites counted
previously in units were recounted and reweighed. The
percentage survival of the ditferent termite forms and
the total group. as well as final percentage group
weight. was calculated. After being brushed free of
debris. the individual wood blocks were OD at 105° C
overnight. weighed. and percentage weight loss of the
block sets was calculated.

In a preliminary termite exposure of PO- or BO-modified
wood not leached previously. the termites moved as far
from the blocks as possible. Apparently. unreacted
monomers vaporized causing lethal fumigation of the
termites in the small containers withir 1 day. Those
blocks were then extracted with benzenelethanol
foliowed by water and the units reset with fresh
termites. This time the termites exhibited no abnormal
behavior. Because of these findings. subsequent
termite tests were conducted only on extracted hiocks

The average percent weight losses from corresponding
interior and surface block sets differed by 5 percent or
less (table 321 demonstrating the uniformity of
resistance at both the surface and the interior of the
treated wood. This agrees with earlier findings that
wood treated with EPlLis modified evenly throughout
the wood up to 2 by 4 cm in cross section Figure 11
itustrates that weight loss in BO blocks was due to
slight termite attack
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Table 33 — Average termite survival and group weight after ®
< weens attack on control and modified southern pine blocks
: weight . Termite
. Termite
' Specimen percent Wood block group
survival §
gain weight
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Possible explanations for the observed resistance to
subterranean termite damage are numerous,; epoxide:-
modified wood can be: (a) toxic. (b) repeilent, (c)
distasteful. (d) undigestible and. therefore. unsuitable
as food. or (e) epoxide-modified wood fibers are stiffer
and physically more difficult to eat. Explanations (c).
(d). and (e) are aspects of unpalatability.

Ethylene and propytene oxides are used as biological
sterilants so any free unreacted oxide remaining in the
treated wood might be toxic or repellient to termites.
Repellency and lethal fumigation occurred in the
preliminary study with epoxide-treated wood. After
solvent extraction of this wood. neither repefiancy nor
fast-acting toxicity were noted

The resistance of the modified wood seems attributable
prirnanly to its unpalatab:ity. Up to 39 WPG. the
nigher weight gains from epoxide treatments virtually
eliminated attack on the wood by termites. A delayed
mortahty of termites occurred: although 1t was greater
than that occurring in groups of starved termites, it
was similar except tor blocks treated to

34 percent BO. That greater mortaity may ue
attrivutable to either an enhanced starvation effect or a
siow-acting toxic etfect. These two options will remain
difficult to assess because proliferation of pathogenic
microbes 1in groups of starvationally weakened termites
wilt confound interpretation of results

Field Tests—Decay and Termite

Standard fieid stake tests were run according to
specifications as outlined in ASTM D 1758 (1974).
Southern pine or ponderosa pine stakes unmodified
and modified with PO, BO. or EP! were placed in test in
the ground ir either Madison, Wis.. or Saucier, Miss.
Inspection of the stakes occurred semiannually.
Specimens were graded for both decay and termite
damage as follows:

Rating Description of Condition

1 Sound

Trace of decay or attack
Moderate

Heavy

Failure

Qb NQO

Field stake tests on epoxide-modified wood showed
decay was much less severe in the northern climate of
the United States (table 34) than in southern exposures
(table 35). There was virtually no termite damage at the
Madison site. and after 7 years. contro! specimens have
a tungal decay rating of 7. while the epoxide-moditied
wood rates either 9 or 10, After only 2 years at the
suuthern exposure site. most of the control specimens
were destroyed by fungr and attacked by termites BO-
methhied specimens rate higher than controls. but both
tur.gail attack and termite attack took place

Table 34.—Field exposure of southern pine stakes

(4.8 x 9.6 x 43.2 cm) modified with propylene oxide, butylene

oxide, or epichlorohydrin initiated June 1975 in Madison, Wis.
Specimens (No. of

Weight percent  Decay rating after

specimens) Qain 7 years
Controis (4) 0 7
M 0
Propyiene oxide (6) 2037 10
(6 9
(]

Butylene oxide (5 19.40 10
(41 3]
Epichiorohvdrin (4) 12.23 10

Table 35.—Field exposure of ponderosa pine stakes
(4.8 x 9.6 x 43.2 cm) moditied with butylene oxide, initiated
September 1978 in Saucier, Miss.

Rating atter

Specimen Weight percent 2 years
gain
Decay Termite

Controls 0 v} U
;‘ ’7

4 4

0 0

7 7

Butylene oxide 27 9 10
28 7 Y

31 9 9

33 10 10

34 7 9

35 9 9

Marine Tests

Standard marine exposure tests were run according to
specification as outlined in ASTM D 2481 (1976).
Southern pine specimens. 3.7 by 0.6 by 15 cm.
untreated and modified with either PO or BO were
placed in test in the coastal Atlantic waters off Key
West, Fla. The specimens were inspected
semiannually. Marine borer attack on each panel was
rated as follows:

Rating Description of Condition
10 No more than trace attack
9 Light attack
7 Moderate attack
Heavy attack
0 Destroyed by attack

27
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Table 36.—Marine tests of southern pine panels

(3.7 x 0.6 x 15 cm) modified with propylene oxide, initiated
June 1975 or butylene oxide, initiated December 1977 in
Key Waest. Fla.

Specimens Weight Rating after year
{No. of percent
specimens) gain 1 2 4.1/2 5112 7
o O ¥
[l A FOE K o b
20 10 19
e e w2y 10
P 9
' Hal
- 3
L B I UL S A TR T

Tavie 30 shaws the resuits ot epaxide-modified wood in
1 anne environment  Unmoditied control specimens
Lorso destroyved e ess than 1 year wivle epoxide-
T Shed N000 has beenar test for over 7 years with
coontte man e borsr attack. After apout 3 years of
e asure. Mg fed specimens shoae! some 1oss of
s densit, sponawond which was the resuit of the
echamical attion of the waves  The mechanism of
cifectiveress of moditisd wood ir resisting attack by
o4 e DIGAMSTS s unknown. Unpatatability  as with
tormtes mMdy [y i ormpartant part in o thes
mechanism

Mechanical Properties

Seec mens of sugar mapie tAcer saccharum March).
25hy 25ty 475 cm. were prepared from two boards
cut froe the same ng with the grain oriented paralial
to two faces Ten specimens were treated with PO/TEA
955 vvat 1207 C. 180 tbiin 3, Because permanent
sweliing cccurred dunng treatment all specimens were
repraned to 25 by 25cm.

In general. mechanical tests of modified specimens
followed specihications as outhined \n ASTM D 143
11976)  Sampte s.es vaned somewhat from standards.
and strict apphicaton nf ASTM standard procedures
was not followed as the mechanism of failure may
ditfer from untraated controls.

Bending tests were ~onducted on specimer.s 2.5 by 2.5
by 27 5 cm at 20° C and 65 percent RH. Specimens
aare placed un the teshiing machine supports with the
tangential surtace nearest the pith toward the center
adiog block and Ioaded with a crosshaad feed rate of
A deflectioir measuning device was placed
veger A nan doven horizontally into the specimens at
wepecepeh and midheight. In this way, the testing

vy e e procaced aoad-versus-deflection graph of the
rent Tre croduyigs of elasticity in bending (IMOL)

han ) was calcutated as

A0 o o mn

28
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MOE = dP/dx L
4.0 bh?
where

dP/dx =slope of load-versus-deflection graph within
the elastic limit (Ib/in.)
L =length of specimen between supports
9.75in))
b =width of specimen {tangential) (~1in.)
h =height of specimen (radial) (~1in.)

The modulus of rupture (MOR) (Ib/in.?) was calculated
as

Pmax =maximum load (Ib).

Compression tests parallel to the grain were conducted
on 2.5 by 2.5 by 6 cm specimens at 20° C, 65 percent
RH. The specimens were placed on a spherical bearing
and loaded in the longitudinal direction with a
crosshead feed rate of 0.007 in/min. A deflection
measuring device was placed against the feed head. In
this way, the testing machine produced a load-versus-
deflection graph of the test. The fiber stress at the
proportional iimit (FSPL) (Ib/in.?) was calculated as:

FspL = PP!
bh?

where
Ppl = maximum load within the elastic region (Ih).

The maximum crushing strength (MCS) (Ib/in.?) was
caiculated as:

MCs = max
bh

Hardness tests were conducted on specimens 2.5 by
25by 6 cmat 20° C and 65 percent RH. Hardness was
determined by the load required to penetrate a test batl
(0.444-in. diameter) approximately half of its diameter
into the specimen. The rate of penetration was

0.25 in./min. The index was determined on each
surtace.

Diffusion coefficient tests were conducted on
specimens 2.5 by 25 by 1 cm. The radial and
tangential surfaces were coated with a silicone rubber
sealant to restrict water-vapor diffusion to the
tongitudinal direction during the test. Ovendried
specimens were placed in a conditioning cabinet at

20° C and 65 percent RH and weighed at specified time
intervals. The moisture content of each specimen was

- . .. .. .t . . L.
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Tabie 37 - Modulus of elasticity and rupture for propylene oxide-moditied maple (average values of 10 specimens)

Modulus of elasticity

Modulus ot rupture

Tieatmen! Percent Coetficien rcet Coefficient
Pounds per 95 Perce ent Pounds per 95 Pe
square inch conlidence of sqQuare inch confidence o
E] TF .
q interval vartation q interval variation
! ' S b4 R Tmo e T
o 4 ' i .

ISRTORTIRY

SOE NG

Fiber stress at proportional limit

© e trass at proportional gt ana maximum crushing strength for propylene oxide-modified maple taverage of 10

Maximum crushing strength

Treatmeat 95 Perce Coefficient ; n Coefficien
* Pounds per ercent er Pounds per 95 Percent oefficient
square inch confidence of square nch confidence ct
qu ‘ interval variation qué interval variation
A 1A et 7
' 22 5450 127 7

Tab'» 39 -—Sad:al. tangenhal and longitudinal hardness of propylene oxide moditied maple

Radial hargness inc «

95 Percent Coefficient

Treatment Pounds  contidence of Pounds?
interval variation
i 03
: . - Rt
: [ gLt I

e e Tee rahio VD Gt water

ot gt oA g o By Leen
oo . St
oyt ete S et as
o X
‘e iy
0 P T I R A TR
Lt L TR TR N AT S At Content aothan
L O AT RTINS B N A YRR AR NI ST AL AN AL B
e R A S CTRARTOTEN ST R NINET AN F2YAR SEREATI 214
s b unritions cLescent

Tangential hardness index

Longitudinal hardness index

95 Percent Coetficient 95 Percent Coetflicient

confidence of Pounds confidence of
interval variation interval variation

16 9 R2& 23 8

19 e RO 24 6

The varues of W were piotted against the values of
time (1, and the dittusion coetf.cient (DY, 1n square
centimeter second (cm-sec) was calculated as

nas(Wti

16
where
Wt - oslope of the mimal straight line portion of
the plat of We versus time
1 longitudimal dimension (o

Tahinsg 37 te 41 show the eftoct of epoxide modification
an the mechanical praperties of suqar maple




T

|

T
v

v
-5

Table 40.—Diftusion coefficients of propylene oxide-modified
maple (average of 10 specimens)

Treatment Diffusion coefficient
10 *cm?/sec
None 6.269
Propylene oxide 8.109

Table 41.—Summary of the percent change in properties of
maple due to modification with propylene oxide

Property Percr:ehtréﬁaﬁge
Modous of elasticity ) IRV
Moaulus o rupture -17
Siber stress at proportional hmit -9
Maximum crushing strength -10
Rad al hardness index +5
Tangential hardness index 0
Lorgitudinal hardness index 0
Dittusion coefticient +29

Specimens used in these tests had an average level of
chemical add-on of 20 to 22 WPG. Test results on
sugar mapie for MOE. MOR. fiber stress at proportional
limit. and maximum crushing strength all show a
similar trend (tables 37 and 38). Those specimens
modified with PO show a loss of 9 to 17 percent in

these properties as compared to an unmodified control.

This shows the effect celi wall bulking has on the
mechanical properties of wood. One would anticipate
a loss in strength and stiffness due to butking, even if
the treatment was completely inert with the wood
substrate.

Results from the hardness tests show PO-modified
wood to be roughly equivalent in hardness to
unmodified maple on all surfaces (table 39). Diffusion
tests show that PO-modified wood resulted in a more
open structure than that of unmodified wood since the
ditfusion coefficient is 29 percent higher for modified
wood than unmodified wood. Table 41 shows a
summary of the percent change in mechanical
properties of modified maple tested as compared to
unmodified maple.
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Accelerated Weathering

Southern pine sapwood blocks, 2.5 by 0.6 by 2.5 cm.
were prepared from a freshly cut log. All specimens
were OD at 105° C for 20 hr. Two sets of five controis
were prepared: one set received no treatment and one
set was extracted with benzenelethanol (2:1, v/v) for 2 hr
in a Soxhlet extractor before use.

Ovendried blocks (five each) were reacted in a stainless
steel vesse! at 120° C, 150 Ib/in.? nitrogen pressure,
with BO/TEA (95:5, v/v). Specimens with weight gains
of 25 to 30 percent were used in weathering tests.

The radial faces of all test specimens were exposed to
a 6.500-watt xenon arc light source (which closely
approximates natural sunlight spectrum in the visible
and ultraviolet regions) in an enclosed chamber at 45°
to 50° C and 50 percent RH. Exposure to this radiation
alternated with a spray of distilled water at ambient
temperatures with the light off. One week of
accelerated weathering consisted of seven 24-hr cycles.
Each cycle consisted of 4 hr of distilled water spray
foliowed by 20 hr of light. Exposure time is expressed
as hours of exposure to light. Erosion of earlywood
was measured using the technique as described for
vertical-grained specimens (Feist and Mraz 1978). The
rate of erosion of earlywood was determined after 600,
1,200, and 1,800 hr of light. After weathering, all blocks
were reovendried and weighed.

Separate specimens both unmodified and modified with
butylene oxide were exposed to the same light source
under the same conditions except 1,800 hr of light only.

Selected specimens, both unweathered and artificially
weathered, were mounted on circular {3-mm diameter)
specimen holders with a mixture of silver paint and
cellulose acetate cement. The stub holders were then
transferred to a high vacuum evaporating unit and
coated with approximately 100 to 200 A of gold. The
specimens were examined with a scanning electron
microscope (Cambridge Stereoscan) at 20 kV.
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Table 42. —Rate of accelerated weathering and overall weight loss ot southern pine sapwood atter 1800 hours light exposure

Erosion rate, microns per hour'

Weight Ovendry
Specimen percent weight loss Springwood Summerwood
gain
Light Light/water Light Light/water Light Light/water
————— Pct —— ———

Control 0 05 0.008 0.150 0.008 0.042
Butylene

oude 28 1.3 .033 .183 017 067

Erosion rate determined between 1200 to 1800 hr. expressed in microns per hour of light exposure.

Three separate specimens were used for chemical
analyses for each modification. The first was the
unexposed wood. The second was the outer 0.5 mm of
wood (removed by slicing with a razor) exposed in the
accelerated weathering chamber (referred to as outer
specimen). The third specimen was the remainder of
the exposed specimen after removal of the 0.5 mm of
exposed wood surface (referred to as inner specimeny.
Ail specimens were ground to pass a 40-mesh screen
and ovendried for 16 hr at 105° C prior to chemical
analysis.

Lignin determinations were by a method similar to
Technical Association of the Pulp and Paper Industry
(TAPPD Standard T 13 (1954). Samples were treated
with 72 percent sulfuric acid for 1 hr at 30° C and

3 percent sulfuric acid for 4 hr at reflux temperature.
Wood carbohydrates are thus hydrolyzed and
solubilized. The insoluble residue was measured
gravimetricaily as lignin. The hydrolysate from the
ligmn determination was used for the reducing sugar
analyses. All values shown are uncorrected for
extractives, chemical add-on from modification, and for
the small amount of degradation during hydrolysis.

Chemical modification of the cell wall components of
wood shouid theoretically give increased resistance to
weathering due to the blocking of lignin hydroxyls so
they do not undergo a quinone-type reaction. In
addition. modification blocks holocellulose hydroxyl
groups. which decreases the hygroscopicity in the
carbohydrate component. This tendency to resist water
pickup reduces swelling and shrinking. By reducing the
extent of lignin degradation and water pickup. chemical
modification could play a very important role in
controlling the natural weathering process.

Measuring the erosion of springwood compared to
summerwood as a function of time provides a good
method of determining the rate of weathering. The use
of an accelerated weathering chamber increases the
rate such that 1,800 hr of light are roughly equivalent to
3 to 4 years of outdoor weathering. Very little erosion
of high density summerwood occurs during this time.
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Table 42 shows the rate of accelerated weathering and
overall weight loss of SP sapwood after 1.800 hr of
light exposure only, and light exposure combined with
water. Weight loss is low in the ultraviolet (UV) light-
only exposure since there is no leaching of degraded
products by water. Weight loss values for cell wall-
modified specimens were higher than that observed for
unmodified control specimens. This greater loss may
be the result of residual bound monomer being slowly
vaporized or by slow degradation of grafted polymer.

Weight loss values for specimens in the UV light/water

exposure study were from 2 to 11 times greater than tor

specimens in the UV light-only exposure. All these
weight loss values, whether for light only or light/water
exposure, indicate loss of wood substance only from
the surface of the exposed specimen since UV light
does not penetrate wood deeply, and the weathering
process is a surface phenomenon.

The maximum erosion value for all specimens. modified

or unmodified. after 1.800 hr of light-only exposure was
40 microns, the minimum was 10 microns. These
erosion values were observed for springwood
(summerwood was approximately one-half that of
springwood) and compare to values of 60 to

330 microns for specimens in the light and water cycle
exposures. Without the action of water (leaching.
washing) degraded wood substance will stiil adhere to
the wood surface, and wood modified or unmodified
will erode or wear away siowly.

The summerwood of specimens chemically modified
with BO eroded faster than unmodified controls when
exposed to UV light and water cycles. Chemical
modification with BO was ineftective in controlling
erosion. For both springwood and summerwood.
chemical modification of SP sapwood with BO yielded
a modified wood in which the overall erosion of wood
substance was increased during accelerated
weathering.
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Figure 12 —Southern pine specimens after 1800-hr exposure
to UV hight plus alternating water spray or UV light alone.
Upper half of each specimen was protected with a stainless
steel plate. (M151123)

Specimens used for erosion measurements had thin
stainless steel covers over their top half to prevent UV
light degradation and to provide an unexposed base for
optical measurement purposes. Representative
sampies of all exposed specimens are shown in

tigure 12 where physical changes for the exposed wood
can be observed. The ditference in color between UV
light-only and UV light/water exposure is the most
obvious change occurring after exposure. The color of
exposed wood in the UV light-only exposure is darker
than those of the protected wood in all cases except
specimens chemically modified with BO. Light colored
woods like SP usually darken on exposure to UV iight.
Butylene oxide modified specimens become lighter in
cotor on exposure to UV hght.
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Table 43 shows the chemical analysis of unweathered
and weathered wood In the control sample the sum ot
the lignin and carbohydrate components (lignin, plus
totai sugars) accounts for aimost all of the wood
substance.

The BO-modified spectmens snow a much lower total
sugar content which, in turn, accounts for the lower
total mass balance (lignin. plus total sugars). The
reason for this is not known, but perhaps part of the
explanation is how modified sugars react in the sugar
analysis. A sugar unit that 1s substituted may not
undergo the same colorimetric reactions as an
unsubstituted sugar. The ratio of sugars is lower in the
BO specimens as compared to the controls. The
sugars in the hemiceltulose fraction are the ones which
are lost. It is possible that these more accessible
sugars are more highly substituted and again do not
respond {o the colorimetric analysis. The loss of
hemicellulose sugars may also be due to the stability
of the ether linkage in the BO modified specimens and
the dissolution of substituted sugars in the separation
step. The sugars would be absent in the sugar analysis
and would appear to have been degraded by the test
conditions, but in fact were present in a modified form
which did not survive the separation procedure.
Because of the real or apparent loss of sugars in the
BO-modified woods, the total mass balance for these
treatments is very low (lignin, plus total sugars).

Lignin values were always lower for the exposed outer
surface wood than for unexposed specimens or inner
portions of the exposed specimens. This effect has
been observed previously (Meyer and Loos 1969) and
reflects the degradation and solubilization of the lignin
component.

Scanning electron micrographs of the exposed radial
surfaces and split tangential surfaces of unmodified
and modified SP, before and after accelerated
weathering (1,800 hr of light or 1,800 hr of light, plus
water spray), gave additional interesting information
about the role of chemical modification in providing
resistance to UV light degradation. The upper left
photograph in figure 13 shows the planed radial
surface of unmodified SP before accelerated
weathering. The middle left photograph shows an
unmodified radial wood surface after 1,800 hr UV light
exposure. Pit degradation is apparent and some mild
check formation. The upper right photograph in
tigure 13 shows BO modified wood before exposure
while the middle right photograph shows a BO-treated
radial surface after 1,800 hr UV only. Slightly more
degradation of pits is visible, atithough overall wood
element degradation is relatively small.
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Table 43. —Chemical analyses ot chemically moditied southern pine after accelerated weathering

Weight

Sugar ratios

Specimen’ percent Lignin? Total Lignin + R .
gain sugars’ sugars Glucose Xylose Mannose Arabinose Galactose
e e PO — o —

Contro (O

Unexposed - 28 6 66.3 349

Lignt
Cuter — 269 65.7 926
nner - 291 66.3 954

Cahtwater
Oyt 248 706 95 4
[ver — 283 675 958

Butyiene Ovide
Unexposed 313 296 341 636
Light
Duter 284 3C1 351 65.2
inner 28 4 325 349 67 4
Light water
Outer 303 279 36.7 €646

inner 30.3 316 338 654
Cigter = 085 ~m o thitkness ot exposed surfare,
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e Attt ge S Sk b aant e photo for
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a et g owaer spray  Thac detenaratnas ornly three
g i hibers acep s ana tiners beitow these arc
ceosn by, yncthanged

65.0 10.2 16.1 28 59

670 9.8 159 26 47
64.3 111 150 29 6.7

693 8.7 143

18 59
659 10.0 16.9 2.2

50

879 6.1 45 7 8
839 6.7 65 1.4 1.5
839 69 6.4 1.3 15

R7.5 59 7 8 1.1
87.7 6.3 1.6 6 8

sample

it Mvrltysis evpressed as percent of ovendry sampie

Thermal Properties

Southern pine and PP ovendriea blocks (2 by 2 by 5 ¢my
were reacted with PO/TEA cr BOITEA at 120° C,

130 ban - Specimens were pretared at o2 WPG with
PO for botn SP and PP ang at 22 WPG and 29 WPG
w.ih BO for SP and PP respectivery. Each spec:men
atang with an unmodified contro!, was ground to pass a
40 mesh screen. extracied with tenzenerethano!

2w tor DR an dried, and Siraliy QD at 105 C for
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WP RO e oM e T ATt th
Fogure 16 shows tnal thee torrrerglnee 0

QP weight Tess s they sieme o et s
waood SOEUITIENE Sy T T e g
A=IGhUI0sS prots one at 325 O anae oo 4 0 Th
Tre 325 C maamum scar i the cortie s thy gobt e
oo due to hemiceiluiose degradatier Th vy
messing in the modhied wood which My miean gl
the nemicellulose sugars have beern somenrat
stabiaced to therma! degradation and degrade 4o
Aiin the ce.ulose at a higher temperature

Contret

AN N A

Virsie the TGA data did rot show ary significant
Lteences hetween moditied and unmoditied waoa L
Ot possible to tearn trom this analysis if the
27ts from the combystion of moditied wnod were
craess flammable than combustion products trom
mwdihed wood. Thermegravimetnc analys:s vwas
e an PP ygnmoditied and modified with PO te
2 WPG and BO to 29 WPG. Figure 17 shows the neat
foombystion of combined volatile decomposition
srodue!s based on its equivalence of the quantity of
sxygen used in combustion. A contrcl specimen
showed a heat of combustion of 2.8 kcalig. This ts
pased on an original tuel basis. For BO-modified wood.
the heat of combustion was 4 kcal/g and PO-modified
wood 4.1 kcal/lg These results show that the volatiles
coming from epoxide-modified wood are somewhat
maore fiammabtle than volatitles from unmodified wood.
This is probably due to the lower oxygen content of the
epoxide added to the wood, as compared to the oxygen
content of the wood cell wall polymers. It would
require more oxygen in combustion to convert the
epoxide combustion products to CO, and H,0.
Figure 18 shows the temperature of the maximum rate
of oxygen consumption. The control has two peaks at
325" C and 375° C while the epoxide-modified wood
showed only one at 375> C. This is similar to the TGA
data in tigure 16.
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Figure 16.—Thermogravimetric analysis of
epoxide-modified southern pine. Rate of weight
foss as a function of temperature. (M151126)
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Table 44. —Adhesive shear strength of epoxide-modif..:d

southern pine laminated with pheno! resorcinol’

Weight percent  Stress at

Specimen gain faiture
Lblin?

Control 0 1.670
Progytens arde 381 1.360
Butylene oxide 352 1,295

"Averaqge of 35 specimens of each type.
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Adhesive Bond Strength

Standard tests for strength properties of adhesive
bonds in shear by compression loading were run
according to specifications as outiined in ASTM D 905
(1976). Specimens of SP (2 by 6.2 by 30 cm), with grain
parallel to the longitudinal tacé were prepared. The
specimens were QD and treated with either PO/ TEA or
BO/TEA at 120° C, 1501b/in.?. The average WPG for all
specimens modified with PO was 38.1 and with

BO 35.2.

Specimens for adhesive bond strength were prepared
from the above modified wood and unmodified controls
{4.5 by 3.7 cm). Two specimens were laminated with
Koppers 4411 phenol resorcinol, double spread. pressed
at 175-1bfin.? pressure overnight at 23° C. Test
specimens were placed in a standard block shearing
tool, and a load apptied with continuous travel of a
movable head at a rate ot 0.015 in/min to failure. The
shear area was 2.8125 in.%.

Adhesive shear strength of PO- and BO-modified SP
laminated with phenol resorcinol was determined.
Table 44 shows that while a control specimen failed at
1,670 1b/in.?, epoxide-modified specimens failed at
about 1,300 Ib/in.2, This 20 percent reduction in
adhesive bonding strength is due to failure in the wood,
not in the glue joint. In an average of 10 control
specimens only 52 percent of the joint failure was due
to wood failure, but in epoxide-modified wood over

80 percent joint failure was due to wood failure. This
probably means that because the wood fibers are
bulked, the forces holding them together are reduced.

Public Exposure

A piece of epoxide-modified American black walnut
was aboard the American-Soviet space mission in July
1975. The wood was used to make a small box. given
to the Soyuz crew during the flight exchange,
containing genetically superior spruce tree seeds.
Several of these boxes were made and given to the U.S.
astronauts and Soviet cosmonauts involved in the
mission as well as several major television announcers.
The box exchanged in space is now in the U.S.S.R.
Space Museum in Moscow, and a replica is in the U.S.
Space Museum in Washington, D.C.

As a result of this public exposure, the epoxide process
received wide press coverage in 1975 and 1976. A
patent on the BO process was issued during 1976 to
the United States government. News from the space
mission and the public disclosure of the patent
resuited in over 10,000 letters from people wanting
information on the process.




Conclusions

SoU e D xe s react Quivkly wath wood ceil wall

. t (L there are no byproducts

G rated i tee reacion there s complete chemical

4o ang the chermoa) bendas fermed are stable.

Heoau cnemical react.on tanes pace in the cell watl,

reincradse n owood voiume from the treatment 1s

Lrorortiona: to the voiame of chemical added. Buiking

stthe cels wail with tonaed chemical resuits in 50 te

coent dimensionar stability at chemical add-ons of

tw w0 percent. Berguse of the hign levels of

micas audittien necessary to achieve good
sonaiondl stauiity. the procedure 1s expensive and

Ma, o2 oniy hmited mndustaal appheaticn eaceprt for

spelia ty uses  Cvertreatment results 0 a loss 10

o ensiong s@bitity gue to cell wall rupture

Coaogiesistance 1o attack Uy fung and termites was
acteved with BO-modified wood i1 labhoratory tests. In
aztua irground tests, the level ¢f res:stance was not
as qued  Epoxide-modified wood might perform very
~elh noatove ground application where dimernsional
stabiiity and brological resistance are desiret
Preampeary teating of above ground exposed wood i
Saurier. Miss . shows gromise; however, full-scaie
testing s needed.

Trie mast sigrificant finding 'n this research program s
e resistance of epoxide-modifred wood 1 & marnne
enaronmert  Except for a small amount of mechanicai
wa/e gamage epoxide-moditied wood has resisted
atracwk y marine borers for about 7 years. Unmodified
control specimens usually last less than 1 year and
marny times only a few months. At this time. the
continuing resistance to attack hy marine borers of
eporeie-moditied weod 1s the most promising aspect
tor turtner industrial development.

Wiae varieties ot wood species are treatable with the
epuxide precedure  1s an excellent swelling/reactive
system and penetrates neartweod of several species
o to be difficult to treat. A wide variety of
epoxides can be used in the reaction, however. those of
W molecular weight, iow boitling poimnt, and low cost
have the most promise of commercialization. Epoxide-
maodified wood is somewhat more flammable than
unmaoditied wood but nct to a great extent. Due to the
bulking action of the honded chemical tn the cell wall.
epoxide-modified wood has shightly lowered mechanical
properties. The modificatiun does not result in
pluqging up the vords In the wood. so porosity is not
reduced. This means that modified wood should still
be parntabie. stainable. and gluable. The cell wall
bulking aiso results in reduced inter-fiber bonding so
trere 13 more wood failure in an adhesive bond
betaeen tao preces of modified wood. Epoxide
modification was found to have no effect in improving
the resistance to UV hight in the weathering process.
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Resistance to attack of meditied waood by organsms g
speculated to be d.e to modification »f the
carbohydrate components such that very specitic
biological reactions cannot take place  Lignmn
supstitution does not seem o Sldy a major roie o the
protection mecharnism to biotogrcal attack  For thie
reason, substituting the lignin comgponent is a waste of
cherrical in the modification process

It does not seem likely that a completely nontoxic
means of treating wood for bigtugical resistance will
ever be as effectve as treating wood with toxic
chemicals as 1s presently done  As the concer o the
anvironment increases. however. the use of these toxic
shemicals may e restricted or even barned  The need
to exterd aur trmber supply Dy USING 1ess new wo o
sue to ncreased service life from treated wood in use
a0 require Nat atternatives to these toxic procedures
e teve!ooed o the future. Bonding of nonleachatle
Cneracals to Aced may provide a possible sotution

Mast 5f the research done on chemical modification of
st nas beer done on ovendried material, It wet
& s used. reacting chemical 1s lost due te

v ysis and s not available for substitution. As
GG as the enid product 1s to be used as a bulked.

d mersionatly stahdized product with no direct water
centace. the hydrolyzed chemical would not be Jost and
weold stil, act as a cell wall bulking agent. Hf bonding
s necessary. as in the case of biological resistance.
then any hydrolyzed chemical reagent is lost. and this
adds to the cost of treatment without any benefits.

The future of chemical modificatio~ of wood with
epoxides lies in end product propery enhancement. |If,
for example. fire retardancy is important in a wood
material, the fire retardant could be bonded
permanently to the cell wall through the epoxide
bonding system. If the level of chemical addition were
high enough. dimensional stability and some degree of
resistance to biological attack would aiso be achieved
at no additional cost. The greatest single appiication
of the research would be in reconstituted products in
which standard operating procedures call for dry wood
materials, spray chemical addition for maximum
distributicn. small sample size for good penetration.
and high temperature and pressure in product
formation. These are exactly the procedures required
for successful chemical modification. Permanently
bonded chemicals that provide fire retardancy. UV
stabilization. color changes, dimensional stability. and
resistance to biclogical attack to wood products may
be possible through chemical modification
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Appendix A

Cooperating scientists in epoxide modification
research program.

D A Baillard. Oxirane Corporation. Houston. Texas.

W 8. Banks. University College of North Wales. Bangor
Gwynedd. North Wales

M. Chamberliain. Dow Chemical, Midtand, Michigan.
D. Davies. Kopper Company. Pittsburg. Pennsylvania.

W. F. DeGreot. University of Montana. Missoula,
Montana.

G. Hagglund. Swedish Forest Products Research
Laboratory Stockhoim. Sweden

D.N.S Hon. Virginia Polytechnical Institute. Bfacksburg.

Virginia
M Horvath. Oxirane Corporation. Houston, Texas.

R. S. Johnstone. Forest Commission of New South
VWales. Beecroft. Australia.

Z T L. Beryjing Coliege of Forestry. Beijing. China.

K. Lundauist. Chalmers Tekniska Hogskola. Goteborg.
Sweden.

R. McComb. U.S. Library ot Congress. Washington, D.C.

J. A. Meyer. State University of New York. College of
Environmental Science and Forestry. Syracuse. N.Y.

R. Moisuk. State University of New York, College of
Environmental Science and Forestry. Syracuse. N.Y.

T. Nilsson. Swedish University of Agrilcultural
Sciences. Uppsala, Sweden.

B L. Rumbali. Radiata Pine Association. Hackney.
South Australia

L Schisier. The Pennsylvania State University,
University Park. Pennsylvania.

F. Shafizadeh. University of Montana. Missoula,
Montana

R. Simonson. Chalmers Tekniska Hogskola. Goteborg.
Sweden

R. A Susott USDA Northern Forest Fire Laboratory.
Missoula. Montana.

A M Tiiman. Chaimers Tekniska Hogskola, Goteborg,
Sweden

R A.Young. Department of Forestry, University of
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G. R. Esenther. Forest Products Laboratory. Madison,
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W. C. Feist. Forest Products Laboratory. Madison.
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D. I. Gutzmer. Forest Products Laboratory. Madison.
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S. B. Hart. Forest Products Laboratory, Madison.,
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R. E. Kinney. Forest Products Laboratory. Madiscn.
Wisconsin.
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Wisconsin.

M. F. Wesolowski. Forest Products Laboratory,
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Wisconsin.

J. A. Youngquist, Forest Products Laboratory. Madison.
Wisconsin.

R. L. Youngs. Forest Products Laboratory. Madison.,
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L. C. Zank, Forest Products Laboratory. Madison.
Wisconsin.

39

h L ) ol PV ) e P i T L

. g

PP Ve

-
PRI EPEreres o Ao’ .

I
(Y

aoa A 1




20

21

40

1.

10.

11

Appenaix B
¢
:
h Chronological listing of publications resulting from
M epoxide modification research program 1975-1984.

Rowell, R. M., and D. |. Gutzmer. 1975. Chemical
modification of wood: Reactions of alkylene
oxides with southern yellow pine. Wood Sci.
7(3):240-246

. Rowell, R. M. 1975 Reaction ot alkylene oxides

with wood. ACS Symposium Series No. 10. p.
116-124.

Rowell, R. M. 1975. Chemical modification of
wood: Advantages and disadvantages. Proc.
Amer Wood Preservers Assoc.

Reese, K. M. 1375. New termite weapon, new
treatment for wood. Chem. Eng. News 40.

. Forest Service. 1975. Space gift... An acre of

trees for USSR, USDA. For. Serv. Picture Story
291,

Forest Service. 1975. All spruced up in space.
Aviaticn Week Space Tech., July.

. Forest Service. 1975. New wood treatment.

Wisconsin Wood Marketing Bull.. August.
Dickerman, M. B. 1975. Timber the uitimate
renewable resource. For. Serv. Report American
Forests. September.

Dickerman, M. B. 1975. New wood treatment.
Fiorida's Timber Products, Vol 3 No. 6 December.
Rowell, R. M., D. I. Gutzmer, |. B. Sachs, and R. E.
Kinney. 1976. Effects of alkyiene oxide
treatments on dimensional stability of wood.
Wood Sci. 9(1):51-54.

Rowell, R. M. 1976. Preserving wood. Am. Chem.
Soc. Man and Molecules Series. Script No. 822,
September.

. Rowell, R. M. and D. I. Gutzmer. 1976. Treatment
of wood with butylene oxide. U.S. Patent 3985921.
. Rowell, R. M. 1977, Effects of drying method and

penetration of chemicals on chemically moditfied
southern pine. Wood Sci 9(3):144-48.

. Rowell, R. M. 1977. Nonconventional wood

preservation methods. Am. Chem. Soc.
Symposium Series No. 43, 47-56.

. Luckett, H. P. 1377. New wood-preserving

process. Popular Sci. 79, May.

. Luckett, H. P. 1977. New process for preserving

wood. Adhesive Age 56, May.

. Luckett, H. P. 1977. Outlook for major wood

preservatives examined. Chem. Eng. News, 26-30,
November.

. Rowell, R. M. 1977. Nontoxic wood preserving

process developed. Fence Industry. November,
25-26.

. Rowell, R. M. 1978. Nontoxic wood preservation

treatments. Wood and Wood Prod. Fabruary,
81-82.

Roweli, R. M. 1978. Distribution of bonded
chemicals in southern pine treated with

alkylene oxides. Wood Sci. 10(4):193.97.

Rowell, R. M. 1978. Nontoxic preservative found.
News and Views, Craps Soils Mag. 30, January.

22.
23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Rowell, R. M. 1978. Modern chemistry and the
wooden boat. Wooden Boat 18-19, March-April.
Roweli, R. M., and R. A. Young, eds. 1978.
Moditied cellulosics. Academic Press. New York,
N.Y. 361 p.

Rowell, R. M., and W. D. Ellis. 1978.

Determination of diménsional stabilization of
wood using the water-soak method. Wood and
Fiber 10(2)104-11.

Rowell, R. M. 1979. Wood preservation: Chemical
modification. McGraw-Hiil Yearbook of Science
and Technology. McGraw-Hill Book Co. New
York, N.Y. 416-17.

Rowell, R. M., S. V. Hart, and G. R. Esenther. 1979
Resistance of alkylene-oxide-modified southern
pine to attack by subterranean termites. Wood
Sci. 11(4):271-274.

Rowell, R. M. 1980. Influence of chemicat
environment on strength of wood fiber.
Proceedings of the FPL/Mississippi State
Workshop on environmental effects on the design
properties of lumber.

Rowell, R. M., and R. L. Youngs. 1981.
Dimensional stabilization of wood in use. USDA,
For. Serv., For. Prod. Lab., Madison, WI. Research
Note FPL-0243.

Rowell, R. M., W. C. Feist, and W. D. Ellis. 1981.
Effects of weathering on chemically modified
southern pine. Wood Science 13(4)202-208.
Rowell, R. M., R. Moisuk, and J. A. Meyer. 1981.
Wood-polymer composites: Cell wall grafting with
alkylene oxides followed by lumen treatments
with methyl methacrylate. Wood Sci. 15(2):90-96.
Rowell, R. M. 1982. Influence of chemical
environment on strength of wood fiber.
Proceedings of the FPLU/Mississippi State
Workshop on Environmental Effects on the Design
Properties of Lumber, Forest Products

Laboratory report, p. 76-84.

Feist, W. C., and R. M. Rowell. 1982. Ultraviolet
degradation and accelerated weathering of
chemically modified wood. ACS Symposium
Series 187, p. 344-370.

Nilsson, T., and R. M. Rowell. 1982. Decay
patterns observed in butylene oxide modified

p '+ 2sa pine after exposure in unsterile soil.
International Research group on Wood
Preservation Proceedings, Vol. 47, No. S-114-28,
Stockhoim.

Rowell, R. M. 1982. Wood preservation and
stabilization by chemical modification of the
wood substance. Chemical Aspects of Wood
Technology. Swedish Forest Products Laboratory,
STFI Series A, No. 772, p. 32-49.
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Nilsson, T., and R. M. Rowell. 1983. Decay
patterns observed in butylene oxide modified
ponderosa pine attacked by Fomitopsis pinicola.
international Research Group on Wood
Preservation. Document No. IRG/WP/1183.
Rowell, R. M. 1983. Chemical modification of
wood: Commonwealth Forestry Bureau, Oxford,
England 6(12):363-382

Rowell, R. M., and W. D. Ellis. 1984. Effects of
moisture on the chemical modification of wood
with epoxides and isocyanates. Wood and Fiber
Sci. 16(2):257-267.

Rowell, R. M., R. A. Susott, W. F. DeGroot, and
F. Shafizadeh. 1984. Bonding fire retardants to
wood. Part I. Thermal behavior of chemical
bonding agents. Wood and Fiber Sci.
16(2):214-223.

Rowell, R. M. 1984. Penetration and reactivity of
wood cell wall components. Am. Chem. Society,
Advances in Chemistry Series No. 207, Chapter 4,
p. 175-210.

Rowell, R. M., ed. 1984. The chemistry of solid
wood. Am. Chem. Society, Advances in Chemistry
Series. No. 207, 614 p.
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Appendix C

Glossary of terms used in epoxide modification.

ASE Antishrink efficiency

8O Butylene oxide

DP Degree of polymerization
DS Degree of substitution

EGA Evolved gas analysis

EPI Epichlorohydrin

oD Ovendry or ovendried

PO Propylene oxide

PP Ponderosa pine

RH Relative humidity

S Volumetric swelling coefficient
SD Standard deviation

SP Southern pine

TEA Triethylamine

TGA Thermogravimetric analysis
uv Ultraviolet

WPG Weight percent gain

2,0-12/84
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